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PREFACE 


The chimney is one of the most important parts 
of a steam power plant yet very little information 
has been published on determining its proper size 
or investigating its draft and capacity perform- 
ance. Until the last few years, most chimneys were 
proportioned by empirical equations which were 
deduced for specific cases and then used generally 
and indiscriminately. No thorough analysis was 
made of the draft and capacity requirements of the 
chimney installation taken as a unit. This method, 
approximate though it was, gave results which 
were sufficiently accurate perhaps for the small 
plant which was not subjected to any extraordi- 
nary conditions and which was ordinarily run at 
normal rating. 

After the development of the large steam power 
plant, however, with its heavy requirements and 
its variable operating conditions, more accurate 
and extensive data and information on draft and 
capacity of chimneys were demanded. As the size 
of the plants increased, it became more difficult 
to determine accurately the proper size of chimney 
required and as a consequence more thought was. 
given to this subject and designers and operators 
showed increasing interest in securing more reli- 
able information. Most treatises on power plants 
contain a chapter on draft and chimneys which 
usually treats of these subjects in a general and 
elementary way and which, of necessity, must be 
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brief. Also many articles in the technical maga- 
zines and trade catalogs have treated of special 
features of draft and capacity of chimneys. But 
no book has as yet appeared on draft and capacity 
of chimneys, treating of these two very important 
factors alone in a general and comprehensive 
manner. 

This book, which is the result.of a long experi- 
ence in this line of work, is presented in an attempt 
to fill this need. The subject matter was published 
serially in COMBUSTION, a publication which is re- 
garded as an authority, in 1924 and 1925. The aim 
and purpose throughout has been to review and 
assimilate the field of draft and capacity of chim- 
neys, arrange the matter in logical order, and pre- 
sent the facts so that they may be applied toa any 
condition of operation. 

The subject matter has been developed primarily 
from a theoretical standpoint and then amplified 
by experimental data to conform with actual 
practice. Experimental data on performance of 
cHimneys, however, is very meagre and there is 
great need of much work on this subject. Any new 
data will not in all probability affect results to an 
appreciable extent since the actual performance of 
chimneys accords well with theory. 

Particular attention is invited to the fact that 
no attempt has been made to develop theory or 
interpret practice of power plant factors other than 
that of the subject in hand, but which of necessity 
must be included therewith, such as loss of draft 
through the boiler, loss of draft through the fuel 
bed, rate of combustion, and so on. Data and sub- 
ject matter pertaining to these factors has been 
accepted at its face value and has been incorpor- 
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ated in the text as such. An effort has been made 
to clear up some of the erroneous ideas of the na- 
ture of draft, ideas which have materially hindered 
in a clear understanding of the subject and which 
doubtless have caused much harm and inconveni- 
ence in plant design and operation. 

In developing the theory of draft and capacity, 
the two have been dissociated entirely; that is, it 
has been assumed that the height of the chimney 
is dependent only on the draft requirements and 
the diameter only on the capacity requirements, 
although each has a secondary influence on the 
other. 

This book has been written for the designer of 
power plants who is desirous of investigating all 
of the conditions to which his contemplated chim- 
ney may be subjected to the end that the proper 
size may be attained, and for the operator of power 
plants who wishes to check the size of his existing 
chimney with the view of discovering draft and 
capacity shortcomings and eliminating them should 
there be any. 

It is hoped that this book may be the beginning 
of what will ultimately be a larger and more exten- 
sive and comprehensive work. There is no element 
in a steam power plant of more importance than 
draft and capacity and no appliance of more con- 
sequence than the chimney. Therefore, in view of 
these facts, the author welcomes constructive criti- 
cism and helpful suggestions to the end that the 
usefulness of this book may be increased. 

J. G. MINGLE 
Indianapolis, Indiana 
Nov. 2, 1925. 
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Draft and Capacity ot 
Chimneys 


CHAPTER I 


INTRODUCTION 


Draft and Its Importance 


In no field of commercial endeavor have greater 
strides been made during the past decade than in 
the field of steam power plant engineering. A 
steam power plant that was considered up-to-date 
and modern in every respect only ten years ago is 
now out-of-date or practically obsolete. The in- 
creasing demand for higher plant efficiency and 
cheaper steam has resulted in the development of 
many new accessories, such as economizers, feed 
water heaters, stokers, recording instruments, etc., 
all of which tend to relegate an old plant still 
further in the background. The size of the plants 
and plant units has increased enormously in late 
years. Some years ago, a five hundred horse- 
power boiler was considered a large unit while to- 
day fifteen hundred horse-power boilers, and even 
larger ones, are common. A twenty-five hundred 
kva. turbine was considered a large machine only 
a short time ago while at the present day several 
fifty-thousand kva. units are in operation. With 
the growing scarcity of good coal and its con- 
stantly increasing cost, cheaper grades of this 
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commodity must be burned and, as a result, com- 
bustion problems are encountered which tax the 
ingenuity of the best engineers. Hand firing has 
been supplanted almost entirely by stoker firing. 
Remarkable results are being obtained in burning 
all kinds of coal with automatic stokers and the 
cheaper and poorer grades of coal are now being 
burned with high combustion efficiency. All of 
these new accessories and larger plant units tend 
towards the production of cheaper steam. 

During the past few years another important 
problem in reference to combustion has come 
rapidly to the front, viz: smokeless combustion. 
This has been largely the result of civic agitation. 
There is scarcely a city of any importance in the 
country that has not effected at least some legisla- 
tion against the “smoke evil.”” While much of the 
visible smoke in a city comes from house chimneys, 
yet it is a fact that some large plants produce a 
smoke nuisance that is extremely bad. Many 
people have an idea that smoke comes from burn- 
ing a poor grade of coal and that the amount of 
smoke coming from a chimney is, in a degree, a 
measure of the quality of the coal. This is not 
strictly true for probably as much smoke comes 
from bad firing methods of a good quality of coal 
as comes from any other cause. There are several 
“smoke consumers” on the market but the best 
smoke consumer is an arrangement which will 
prevent smoke and this can be accomplished only 
by a high furnace, a good stoker and a tall chim- 
ney. 
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Cheaper steam and smokeless combustion at the 
present day are two of the most important prob- 
lems in the further development of the modern 
steam power plant. Many kinds of new plant 
accessories are being sold and installed in new 
and old plants, the chief purpose of which is to in- 
crease the plant efficiency and cheapen the cost 
of steam, and also to eliminate the nuisances as 

much as possible. The best constructed and the 
- most efficient accessories possible would be prac- 
tically useless were it not for the one element that, 
above all others, determines and controls the 
overall efficiency of the entire steam power plant, 
. and that element is proper draft. 

Draft is and should be considered one of the 
most important factors in the design of a new 
steam power plant. Without draft, the plant would 
be useless of course. Without sufficient draft, the 
plant may, and usually does, show a relatively low 
efficiency. With an excess of draft, other troubles 
are encountered which are almost as bad as those 
- eaused by an insufficient draft. The efficiency of 
the plant may be traced directly to the intensity 
of the draft and it is doubtless true that fully 
sixty per cent of the troubles encountered in and 
around a steam power plant may be traced back 
to the lack of sufficient, or an oversupply of, draft. 

In spite of the fact that draft has such an im- 
portant influence on the operation of a plant, very 
little information on this extremely important sub- 
ject has been published. This, no doubt, has been 
due to the lack of sufficient and reliable data, or its 


4 DRAFT AND CAPACITY OF CHIMNEYS 


availability. Draft, even to the expert designer, 
oftentimes is approached as an element of mystery. 
Again, the subject is often considered analogous to 
hydraulics and assumptions and deductions made — 
from the standpoint of liquids. The analogy hol S 
true to a certain extent but a strict adherence 
the principles of hydraulics may lead, and oft : 
does, to erroneous conclusions. : 
For some unaccountable reason, there seems to be_ 
a great deal of confusion and misconception in Ms 3 
gard to the true nature and meaning of draft, — 
especially natural draft. Some writers have de- — 
fined draft as a wind or a current of air or gases — 
blowing through the boiler, breeching and chin 
ney. Such a definition is erroneous in the face 
the facts. Draft is simply a difference in pre 
sure, or a difference in head, between any = 
inside the boiler, breeching or chimney and + 
outside atmosphere. Draft is, in short, a stat t 
force. There is no element of motion inferred - 
reference to draft. Draft is not velocity and the 
is no direct connection between the two. The 


of draft or a difference in pressure. 


Definition of Draft 


Draft, in general, in a steam power plant n 
be defined as the difference in pressure betw 
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through which the gases flow, and the atmosphere. 
It is, in a few words, the difference in pressure 
available for a flow of air 0 gases 


artificial or mechanical means, ‘ 
atural or thermal means. i ES 
then two kinds of draft according 
er in which it is produced, viz: us 
tificial draft, ee 
f eh eae ' 


to 


fictow atmospheric pressure. As ate. 
d, however, the term she wie 8 


a mh term plenum is used to repeat a 
2 above prucspieric pressure. A Plena 
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Artificial Draft 


Artificial draft is of two kinds, viz: 
1. Plenum or forced draft, 
2. Vacuum or induced draft. 

Artificial draft is used in installations where it 
is necessary to burn more coal in an existing plant 
or in connection with an existing chimney, and 
also where the conditions imposed on the plant re- 
quire a more flexible arrangement than is possible 
with a chimney alone. Artificial draft arrange- 
ments are used mostly as auxiliaries to chimneys. 


Forced Draft 


Fig. 1 shows a diagrammatic section of a typi- 
cal forced draft installation. The fan or blower 
A takes the air at atmospheric pressure and dis- 
charges it into a closed ash-pit or air-chamber B 
at a pressure considerably above atmospheric pres- 
sure. The air is then forced through the grates 
and fuel bed C, a plenum having been created be- 
low this part of the installation. This system is 
often used in old plants where it is desired to force 
the old boilers above their normal rating; in plants 
burning refuse or poor grades of coal or screen- 
ings, where an intense draft is required for efficient 
combustion; and in plants where an additional 
boiler is installed or where the boilers have been 
changed or increased in size and it is impossible 
to alter the chimney. Forced draft is also used 
with mechanical stokers. Quite often the air sup- 
ply is preheated in a chamber built around the 
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typical draft vanation in a forced draft installation 


Diagrammatic Section of Typical Forced Draft 
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Installation. 
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breeching, thereby effecting a higher temperature 
in the furnace. This has a tendency to cool the 
chimney gases and may decrease the draft pro- 
duced by the chimney. The air supply may enter 
the air-chamber through the bridge wall from the 
rear, through an underground duct, or through the 
sides of the setting. 

Chimneys are always used with forced draft in- 
stallations. An ideal arrangement is to provide 
sufficient draft by means of fans to overcome the 
resistance through the grates and the fuel bed and 
then create sufficient suction or draft by means of 
a chimney to overcome the resistance through the 
boiler, breeching and chimney itself. Forced draft 
arrangements are not as frequently used as in- 
duced draft in new plants but are almost always 
used in increasing the capacity of old plants. The 
one disadvantage of forced draft is that the gases 
are forced out through the doors during firing or 
inspection due to the fact that the pressure in the 
furnace is usually considerably above atmospheric 
pressure. This objection can be overcome by plac- 
ing a damper in the blow pipe and closing it during 
firing or inspection. In mechanical stoker instal- 
lations, however, the pressure in the combustion 
chamber is usually slightly below atmospheric 
pressure and the objection is then entirely re- 
moved. 


Induced Draft 


Induced draft installations are by far the more 
common of the two artificial draft producing ar- 
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typical draft gauge readings of an induced draft installation 
atmospheric pressure 
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typical draft variation |n an induced draft installation 


Fig. 2. Diagrammatic Section of a Typical Induced Draft 
Installation. 
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rangements. Fig. 2 shows a diagrammatic section 
of a typical induced draft installation. A fan or 
blower A is usually mounted above or on top of 
the boiler and the air sucked or pulled through the 
fuel bed B. In other words a partial vacuum is 
created above the fuel bed and the air, in attempt- 
ing to seek an equilibrium of pressure, is pulled 
through the fuel bed. The products of combustion 
are then exhausted through the chimney. Induced 
draft arrangements are used extensively in heating 
and lighting plants which have variable and high 
loads. Since hot gases are handled, the blower 
system must have a capacity much larger than a 
forced draft fan which handles only cold air. The 
pressure in the furnace is below atmospheric pres- 
sure, consequently the ash-pit can be cleaned with- 
out stopping the fans. This cannot be done in a 
forced draft system where the pressure in the 
furnace is above atmospheric pressure.- Also the 
fires burn more evenly in an induced draft system. 
An induced draft installation costs more than a 
forced draft, due to the larger fan required. The 
cost of operation is about the same in either case. 

The advantages claimed of artificial draft are: 

1. Flexibility, 

2. Readily affects various rates of combustion, 

3. Is not influenced greatly by atmospheric, cli- 
matic, or weather conditions, 

4, Ease of control, 


5. Produces any percentage of overload without 
an excessive expenditure of heat. 
The disadvantages of artificial draft are: 


1. Maintenance and upkeep of fans or blowers, 
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2. Requires considerable power to run fans, 

3. Necessary to have duplicate fans to insure de- 
pendability, 

4, Fans require considerable room. 


Balanced Draft 


Balanced draft is a combination of forced draft 
and induced draft. Sufficient draft is provided by 
means of a fan to overcome the resistance or loss 
of draft through the grates and fuel bed, and the 
required amount of induced draft by means of a 
fan or a chimney, or both, to overcome the resist- 
ance through the boiler, breeching and chimney. 
The pressure between the two systems is mutually 
adjusted so that a practically atmospheric pres- 
sure, or a slight suction, exists in the combustion 
chamber. The control of the system is effected by: 


1. The stoker speed, 
2. The fan speed, 
3. The damper. 


The chief advantages claimed of balanced draft 
are that it: 


1. Produces increased boiler and combustion 
efficiency, 

2. Prevents escape of furnace gases through 
cracks and imperfect settings, 

3. Reduces the air excess to a minimum, 

4, Prevents stratification of air supply and 
gases, 

5. Prevents: a soaking up action of heat by the 
boiler brickwork by quickly removing the excess 
heat from the combustion chamber. 
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Typical drat gauge readings of a natural draft installation 
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typical draft variatiem in a natural draft installation 
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Fig. 3. Diagrammatic Section of a Typical Draft Installation. 
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Natural Draft 


Natural draft is the difference in pressure, or 
the difference in head, or the pressure head, or the 
pressure difference, produced by the difference in 
weight between the hot air or gases inside the chim- 
ney and an equal column of outside air. If one end 
of a glass U-tube, which is about half full of water, 
is connected to a chimney in which the air or gases 
are the same temperature as that of the outside 
air, the two columns of water will be at exactly 
the same level. If the air or gases inside the chim- 
ney be heated, the level of the water in the column 
of the U-tube attached to the chimney will be high- 
er than the other. This indicates that there is a dif- 
ference in pressure, that on the outside of the 
chimney being the greater. This difference in 
pressure will cause a flow of air into the ash-pit 
entrance, if the chimney be connected to a steam 
boiler. The incoming air in turn becomes heated 
and,. having united with the fuel to form gases, 
rises and passes out through the chimney. This 
action becomes continuous and will be prolonged 
as long as the fuel lasts and there is a clear pas- 
sage through the installation. One inch difference 
in the level of the two water columns corresponds 
very closely to a difference in pressure of 5.20 
pounds per square foot. 

Natural draft, then, is produced thermally by 
creating a difference in temperature between the 
gases inside the chimney and the outside air, there- 
by creating a difference in pressure which causes 
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a flow or circulation. Natural draft is, in effect, 
a form of induced draft in that it causes the air 
to be supplied to the fuel bed by means of a suction. 

Natural draft in chimneys is analogous to dif- 
ference of head in water. The chimney may be re- 
garded as a vertical pipe with a small opening at 
one side near the bottom. The outside air may be 
regarded as a fluid whose density is greater than 
that of the warmer air or gases inside the chimney. 
Hence, in attempting to approach an equilibrium 
which it never reaches, the cooler outside air con- 
tinually flows towards the opening and into the 
chimney. 

Natural draft, being a difference in pressure, is 
a static force and no element of motion is inferred 
when reference is made to it. Natural draft and 
velocity of the chimney gases should not be con- 
founded, as there is no connection or relation be- 
tween the two. As will be seen later-on, the maxi- 
mum static draft of a chimney will be obtained 
when the velocity of the chimney gases is zero and 
the gases are absolutely motionless. Motion, how- 
ever, is produced as a result of natural draft as the 
gases are made to flow due to the unbalanced pres- 
sure. 

Natural draft seems to be a difficult subject to 
comprehend and numerous analogies have been 
worked out to aid in a clear understanding of the 
manner in which it acts. The primary purpose of 
the chimney is a container in which to destroy 
equilibrium and thereby effect a difference in pres- 
sure which, in turn, causes the gases to flow. 
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Natural draft then, in short, is the difference in 
pressure as produced by a chimney and a difference 
in temperature available for the flow of gases. 

The chimney may also be regarded as a vertical 
heat engine whose function is to pump air into 
the fuel bed and gases through the rest of the in- 
stallation and then discharge them from its top. 

In discussing the production of natural draft 
by a chimney, it is necessary to assume that the 
chimney is detached from the rest of the installa- 
tion and that the gases inside the chimney are mo- 
tionless. When the chimney is attached to the 
boiler and the gases are moving freely throughout 
the entire installation, the draft as produced by 
the chimney is “‘used up,” or in other words there 
is a loss of draft or a decrease in pressure as read- 
ings are taken farther away from the chimney and 
towards the air entrance of the setting. 

Natural draft as produced by a chimney is quite 
analogous to the head as produced by a tall stand- 
pipe, except that the action is reversed. The dif- 
ference in pressure, or the draft, as produced by 
a chimney is due to the difference in weight be- 
tween the warmer gases inside the chimney and an 
equal column of cooler outside air, and the direc- 
tion of flow is from the outside to the inside. On 
the other hand, the difference in pressure, or head 
of the standpipe is due to the difference in weight 
between the water inside the standpipe and the 
outside air, but the direction of flow is from the 
inside to the outside. In each case, gravity is the 
actuating or impelling force, producing draft in 
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the first case and head in the second. The head 
increases as the height of the chimney standpipe 
increases; and likewise the draft increases as the 
height of the chimney increases. Other factors 
such as density, temperature, friction, etc., will 
influence the intensity of natural draft and these 
will be discussed later on. 

Natural draft may be considered as a form of 
either forced draft or induced draft, depending 
upon the point of view. If it is considered as a 
“push,” then it is a form of forced draft, but if it 
is considered as a “pull,” then it is a form of in- 
duced draft. The action of the chimney tends to 
create a vacuum throughout the installation and 
there is, therefore, a suction at every point, all of 
which are evidences of induced draft. The partial 
vacuum above the air chamber or ash-pit tends 
to suck in the air. If, on the other hand, it is 
assumed that the incoming air, being denser, 
pushes the warmer air upwards, natural draft may 
be classified as a form of forced draft. Forced 
draft, however, usually implies that there is a 
plenum below the grates and in this instance the 
comparison does not hold true. Continuing the 
argument further, the warmer gases inside the 
chimney, being considerably lighter in weight, 
ascend just as a balloon which is full of hot gases 
ascends, and cooler air rushes in to take the place 
of the warmer gases in an attempt to produce a 
state of equilibrium which is never reached as long 
as the installation is in operation. In the light of 
the above argument, then, natural draft is a “pull” 
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and not a “push,” or in other words the cooler air 
rushes in to supplant the warmer air or gases 
because the latter have risen of their own accord 
and not because the cooler air pushes the warmer 
gases upwards. Natural draft then is a form of 
induced draft in that the gases are “induced” to 
come forward. In the case of forced draft, the fan 
itself produces most of the difference in pressure, 
or draft, by destroying the equilibrium in a violent 
manner and the cooler air from the fan pushes 
the warmer gases through the installation, or at 
least the greater part of it, because there is a pres- 
sure back of them. 

Much of the misunderstanding of the nature of 
natural draft doubtless comes from the use of such 
common expressions as “sitting in a draft,” “clos- 
ing the draft in a furnace,” etc. Inasmuch as 
natural draft is a static force, such expressions are 
manifestly ,wrong. The direct result of draft, 
however it may be produced, is a current of air or 
gases as the case may be. Winds are currents of 
air and are the results of a draft on an immensely 
large scale. The warmer air next to the surface 
of the earth has a tendency to rise and the cooler 
air, being denser, descends and tends to supplant 
the former. This results in gigantic movements 
of air called winds. When we sit near an open 
window and the wind blows on us, we are not 
sitting in a draft but in a current of air or some- 
thing which is the result of a draft. Again, in 
reference to the furnace, we do not shut off the 
draft but shut off the air supply and therefore 
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throttle the circulation. As a matter of fact the 
draft is greater when the air inlets are closed than 
when they are open, due to the fact that there is 
no circulation of gases and therefore no friction. 
The result of natural draft when there is an air in- 
let at the bottom of the chimney is a current of 
gases going up the chimney. It is this current of 
gases that is often mistaken for draft. This current 
of gases determines the capacity of the chimney 
and has nothing to do with the production of draft. 

Natural draft, like other forms of draft, is 
measured in terms of inches of water. For in- 
stance, when it is stated that there is a draft of 
one inch of water at a certain point in the instal- 
lation, it is meant that there is a difference in pres- 
sure sufficient to support a vertical column of 
water one inch high. One inch difference in height 
between the two water columns in a U-tube corre- 
sponds closely to a difference in pressure of 5.2 
pounds per square foot. The pressure at the bot- 
tom of a stand-pipe is measured by a gauge 
measuring pounds per square inch. Natural draft 
also could be measured in the same manner and 
in the same unit but it would require a very sensi- 
tive gauge to indicate the slight changes in pres- 
sure and, therefore, for convenience the measure- 
ment of draft is made in terms of inches of water 
which is both very practicable and accurate. 

Fig. 3 shows a typical natural draft installation. 

The advantages of natural draft are: 


1. Absolute dependability, 
2. NO maintenance, 
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3. Chimney is everlasting, 
4, Ordinarily no space required in boiler room, 
5. Original low cost. 


The disadvantages of natural draft are: 

‘1. Relatively large chimney is required for peak 
loads, 

2. When large chimney is built, excessive draft 
must be throttled, 

3. Lack of flexibility, 

4, Difficult to increase draft by adding to height 
of chimney. 


The Chimney and Its Relation to Natural Draft 


Chimneys in connection with steam power plants 
are required, in general, for two purposes, viz: 


1. To help produce or create a draft, 

2. To carry away and discharge the burned 
gases at an elevation which will make them least 
objectionable. 


The height of the chimney determines the in- 
tensity of the draft and the diameter or area af- 
fects the volume of gases it can carry away. In 
any installation, the height of the chimney is 
determined by the draft requirements and the 
diameter by the volume of gases resulting from 
the combustion of the fuel. In determining the 
height and diameter of a chimney, it is necessary 
to dissociate the two completely and assume that 
the height of the chimney is dependent only on the 
required draft and the diameter only on the volume 
of gases handled. Each, however, has an indirect 
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influence on the other, particularly the diameter on 
the height, which will be discussed later on. 

Many erroneous theories have been advanced re- 
garding the proper height and diameter of a 
chimney to satisfy certain requirements of a steam 
power plant, the most important of which is that 
for any certain set of assumed or actual operating 
conditions there are several sizes of a chimney 
which will answer the purpose and that it is 
necessary to determine the relative cost of all in 
order to arrive at the most economical size. This 
theory is wrong and is not borne out in practice. 
For any one set of operating conditions, assumed 
or actual, of a steam power plant there is one and 
only one size of a chimney which will answer the 
purpose. The height of the chimney is dependent 
primarily upon the assumed or required draft con- 
ditions and the diameter or capacity primarily 
upon the volume of gases necessary to be dis- 
charged, both based on the same operating condi- 
tions. Both the diameter and the height of the 
chimney may be determined directly from equa- 
tions. It is true that the height of a chimney is 
influenced somewhat by the diameter, especially 
that portion of the height necessary to overcome 
the loss of draft due to friction within the chimney. 
Likewise the diameter is dependent to a certain 
extent upon the height of the chimney. In most 
cases it is not possible to arrive at the correct 
height and diameter with one substitution in the 
equations, and after a trial size has been found 
it may be necessary to make a couple of slight 
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changes in each in order to satisfy perfectly the 
theoretical requirements. But in no case is this to 
be construed by implication, or otherwise, that 
there are several combinations of heights and 
diameters which will answer the purpose. This 
theory has been the cause of an endless amount of 
trouble with draft problems in a steam power 
plant. When a chimney has been found to be too 
short and an addition to it has been made, it is 
the draft principally that will be affected. In 
order to secure more draft then, with an existing 
chimney, it is necessary to increase the height. In 
order to secure more capacity, it is necessary to 
increase the diameter or increase the velocity of 
the chimney gases. Increasing the height of the 
chimney increases the velocity of the chimney 
gases to a small extent, which may be sufficient for 
the purpose in a small plant but under average 
conditions the increase in the velocity is only a 
small percentage,of the actual amount required. 

Another misconception commonly encountered is 
that maximum draft refers to the maximum 
volume or weight of chimney gases moved in a 
chimney. This idea also is erroneous. Maximum 
draft is the maximum difference in pressure and 
is dependent upon the temperature of the chimney 
gases and the height of the chimney, while the 
maximum capacity is the total amount of gases 
a chimney is capable of moving and is dependent 
upon the temperature of the chimney gases and 
also upon the amount of air admitted for combus- 
tion. The draft of a chimney increases as long 
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as the temperature of the chimney gases increases 
but the capacity of a chimney increases as the 
temperature of the chimney gases increases only 
up to about 600 degrees Fahr., after which the 
capacity actually decreases as the temperature of 
the chimney gases increases. As a matter of fact, 
the maximum draft of a chimney is obtained when 
the complete installation is practically air-tight and 
no air is admitted to the fire. In this case there 
would be no movement of gases because, since no 
air was admitted, there would be nothing to move 
and the actual capacity would be zero. On the other 
hand, if the boilers are run at their maximum rated 
capacity, the loss of draft through the boilers 
would be at a maximum, the velocity of the gases 
doubtless would be at the maximum, and the maxi- 
mum available draft as produced by the chimney 
would be greatly reduced, but the capacity of the 
chimney would be at its maximum. 

In a steam power plant it is gf paramount im- 
portance that the chimney be of sufficient size to 
accommodate the installation when it is run at its 
maximum capacity. If the chimney is too short, 
there will be insufficient draft, the fires in the 
boilers will be smoky and sluggish and eventually 
may go out, the boilers cannot be operated at even 
their normal rating, and the temperature of the 
chimney gases may be relatively low, thereby re- 
ducing the capacity as well as the draft. If the 
chimney is too high, there will be an excess of 
draft, the fires will burn out quickly in spots, much 
fuel will be consumed and some wasted, and the 
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chimney gas temperature may be excessively high, 
thereby, furthermore, increasing the draft on the 
one hand and decreasing the capacity on the other. 
Of the two adverse conditions, it would be better 
to have the chimney too high, for in this case the 
draft can be controlled by a damper, whereas if 
the chimney is too short, it would be necessary to 
create more draft by resorting to a fan or by add- 
ing to the height of the chimney. 

If the diameter of the chimney is too small, the 
capacity of course will be reduced, there will be a 
back pressure due to the constricted area, the 
velocity of the chimney gases will be greatly in- 
creased thereby decreasing the available draft, ex- 
cessively high temperatures will develop in the 
combustion chamber, thereby damaging the refrac- 
tory brickwork, and the gases may become strati- 
fied in the combustion chamber and also in the 
boiler. If the diameter is too large, the velocity 
of the chimney gases will be relatively low, the 
temperature of the chimney gases may be rela- 
- tively low or the temperature of these gases may 
drop rapidly during their passage up the chimney 
due to the comparatively long time they are inside 
the chimney, and again stratification of gases in 
the combustion chamber may result due to the low 
velocity of the gases in the chimney and the fact 
that they are not taken away quickly. Of the two 
adverse conditions, it would be better to have the 
chimney too large in diameter as in case of extreme 
emergency the velocity of the chimney gases may 
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be increased by a fan, whereas if the diameter is 
too small, the situation is about hopeless. 

It is extremely poor economy and bad engineer- 
ing practice to attempt to increase the capacity of 
an existing chimney by adding to its height. Add- 
ing to the height of an existing chimney will 
always increase the draft and also will increase 
the velocity of the chimney gases, due to the in- 
creased head, just as an increase in the height of 
a standpipe will increase the head and also the 
velocity of the issuing jet. Therefore, the capacity 
of the chimney will be increased due to the greater 
amount of gases expelled during a given interval 
of time. But, as a general rule, the increased ca- 
pacity, due to the increased velocity, is only a small 
part of the increased capacity required. Unsur- 
mountable construction difficulties quite often are 
encountered when an attempt is made to add brick- 
work on top of an old chimney structure. Practi- 
cally all masonry chimneys are tapered and in 
order to present a good appearance it would be 
necessary to make the taper of the new part, or 
extension, the same as that of the old structure; 
but this very act would defeat the purpose of the 
extension inasmuch as tapering the new part 
would of necessity decrease the inside diameter 
of the chimney. Of course the walls of the exten- 
sion could be built vertical as is quite often done 
but this gives the whole chimney an unsightly ap- 
pearance. Again, all masonry chimneys are de- 
signed as a unit and the wall thickness and section 
length at the top is a minimum in the majority of 
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cases. Adding to the height of the chimney then 
would decrease the stability of the chimney 
throughout and increase the stresses in the shaft 
towards the bottom of the shaft. A chimney is 
similar to any other masonry structure in that it 
is subject to the same limitations as to design and 
usage after construction. 


Importance of Draft 


Very few engineers realize the great importance 
of draft in a steam power plant installation, 
whether it be mechanical or natural draft. The 
increasing demand and tendency to operate boilers 
at high overloads, the increasing practice of burn- 
ing poorer grades of coal, and the increasing de- 
mand and use of stoker-fired installations have 
imposed conditions on the operation of a plant that 
requires great flexibility, especially in regard to 
draft. Since an average plant is built by several 
different contractors and the plant accessories are 
furnished by several different manufacturers, 
there is often some lack of correlation in spite of 
the best superintendence and inspection, and im- 
perfections and mistakes often cregp in during 
construction. The design of the plant has been 
made from a theoretical standpoint and amplified 
more or less to conform with field practice. Im- 
proper design or faulty construction in one or 
more parts may nullify the workings or reduce the 
efficiency of the other parts or even the whole 
plant. Often wrong assumptions may have been 
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made and also working units may be greatly in 
excess of those assumed. All of these adverse con- 
ditions tend towards a decreased plant efficiency. 
If the draft conditions in a plant are good, a multi- 
tude of adverse conditions that might otherwise 
cause trouble can be successfully handled. The 
designing engineer who makes absolutely sure that 
there will be ample draft in his proposed installa- 
tion has every prospect of having a successful and 
efficient plant in spite of mistakes that may be 
made in design or during construction. 

Natural draft and capacity data and calcula- 
tions which are to be dealt with in detail in the 
succeeding chapters have for their ultimate object 
the determination of the proper size of chimney 
required in connection with a steam power plant. 


CHAPTER II 


THEORY OF NATURAL DRAFT 


Definitions 


Natural draft, as stated heretofore, is the dif- 
ference in pressure caused by the difference in 
weight between the warmer gases within the chim- 
ney and an equal column of outside air. 

For convenience, natural draft, which is an all- 
inclusive term, is sub-divided into three separate 
and distinct divisions, each of which has its own 
meaning, viz: 

1. Theoretical draft, 
2. Available draft, 
3. Required draft. 

The theoretical draft, commonly called the maxi- 
mum theoretical static draft, is purely a theoretical 
quantity and cannot be measured accurately by a 
_measuring device. It is the maximum difference 
in pressure when the chimney gases are stationary 
and there is no flow or circulation within the chim- 
ney, when the chimney gas temperature is at its 
maximum, and when the chimney itself is at its 
maximum height. 

The available draft is the difference in pressure 
as measured or indicated by a draft gauge when 
the chimney, or plant, is in operation and the chim- 
ney gases are flowing freely. It is, in short, the 
theoretical draft less the amounts lost by the ve- 
locity of the chimney gases and also by the friction 


28 DRAFT AND CAPACITY OF CHIMNEYS 


of the chimney gases on the interior walls of the 
chimney. 

The required draft is the sum of the draft losses 
through the fuel bed, boiler, turns and breeching, 
or the sum of the balancing members of the natural 
draft equation. Arithmetically the required draft 
is equal to the available draft, but it is made up of 
different terms. 

These three terms form the basis of the develop- 
ment of the theory of natural draft and the naturai 
draft equation, and each will be explained and de- 
veloped in detail in the following text. 


Heat 


Since heat is the source of energy for the pro- 
duction of natural draft of a chimney and also an 
important factor in determining its capacity, a 
short review of the manner in which it affects 
gases will be given. 

Heat is matter in motion, or the motion of the 
molecules in a body. Upon the application of heat 
to a solid body, the increased velocity probably sets 
up a vibration which becomes so violent that the 
adhesion between the molecules becomes less and 
the body is changed into a liquid. If still more heat 
is applied or added, the molecules may Lecome dis- 
sociated entirely and the liquid is then changed 
into a gas. Gases themselves expand when heated, 
and this expansion is due to the increased velocity 
of the molecules which forces them still farther 
apart. As a result the volume is increased. The 


THEORY OF NATURAL DRAFT 29 


phenomena of heat may be considered as a form 
of kinetic energy. 


Temperature 


Temperature is a measurement of the intensity 
of heat, or the measurement of the velocity of the 
vibrating molecules, or the rapidity of motion of 
the molecules. In general, when the molecules move 
slowly the temperature is relatively low, and when 
they move rapidly the temperature is relatively 
high. 

The difference in temperature between two 
bodies is determined by the rate of transmission 
of heat from one body to another. 

Temperatures are ordinarily measured in two 
scales, viz: 


1. Fahrenheit scale, 
2. Centigrade scale. 


In the Fahrenheit scale, at present the more 
commonly used of the two, the freezing point is 
taken at 32 degrees and the boiling point at 212 
degrees, the distance between the two being di- 
vided into 180 equal parts. In the Centigrade scale, 
the freezing point is denoted by 0 degrees and the 
boiling point by 100 degrees, the intervening dis- 
tance being divided into 100 equal parts. The con- 
version from one scale to another is made as fol- 
lows: 

tc — 0.5555 ( tr— 82), 1 
tr = 18 tc + 32, 2 
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in which 
tc = temperature in Centigrade scale, 
tr = temperature in Fahrenheit scale. 


Unit of heat 


The unit of heat is called the British Thermal 
Unit, B.t.u., and is defined as the amount of heat 
required to raise the temperature of one pound of 
water from 39 degrees to 40 degrees Fahr. 


Transmission of heat 


Heat may be transmitted in three ways, viz: 


1. Radiation, 
2. Conduction, 
3. Convection. 


Heat that passes from one body to another by 
waves, similar to light waves, is transmitted by 
radiation. 

Heat that is transmitted through the body it- 
self, or from one body to another by direct con- 
tact, is transmitted by conduction. 

When air or gases come in contact with a hot 
body, the former is heated and the heat is carried 
away. This is called transmission by convection. 


Absolute temperature 


When dealing with temperatures it is necessary 
to have some standard absolute method of com- 
parison. In the expansion and contraction of gases. 
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it has been found that a perfect gas will increase 
or decrease 1/491.6 of its volume for each increase 
or decrease of 1 degree Fahr. in its temperature. 
At 491.6 degrees Fahr. below freezing or 459.6 
degrees Fahr. below zero, therefore, the volume 
of the gas theoretically will be zero and the gas 
will disappear. This law holds true for all tem- 
peratures encountered in steam power plant work 
and for the purpose of comparison may be as- 
sumed to hold true for all temperatures. As a re- 
sult of this law, an imaginary arbitrary tempera- 
ture scale, called the absolute scale, has been de- 
vised and temperatures expressed in this scale are 
known as absolute temperatures. According to the 
absolute scale, the zero is 491.6 degrees Fahr. 
below freezing or 459.6 degrees Fahr. below zero 
on the Fahrenheit scale. Fahrenheit temperature 
readings are changed to absolute readings by add- 
ing 459.6 to the former. This scale is very con- 
venient in that under constant pressure the volume 
of a gas is directly proportional to the absolute 
temperature. 


Law of perfect gases 


There are two well-known laws expressing the 
relation of pressure, volume and temperature in a 
perfect gas. 

1. Boyle’s law. At a constant temperature, the 
volume of a gas is inversely proportional to the 
pressure it supports, or, the density of a gas at a 
constant temperature is proportional to the pres- 
sure. 
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P.Q=a constant 3 
in which 
Po = atmospheric pressure 
Q =volume of gas. 


2. Charles’ law. Under constant pressure, the 
volume of a gas is proportional to its absolute 
temperature, or, the pressure exerted by a gas 
whose volume is kept constant is proportional to 
the absolute temperature. 


Pe _ Te 
P, ‘Te 4 
in which 
Po = initial pressure 
P’o = final pressure 


Te = initial absolute temperature 
T’e= final absolute temperature 


Equation of a perfect gas 


The equation of a perfect gas is obtained by 
combining Boyle’s and Charles’ law. From Boyle’s 
law, if the pressure P, is changed to P,, and the vol-: 
ume Q to Q’, the temperature T, remaining con- 
stant, 

Pye RG 
Tee) Vinee Og 5 

From Charles’ law, if the temperature T,. is 

changed to T’, and the pressure P’, to P, the volume 


Q’ remaining constant, 
Pe eh, PT: 
Eee 


Combining equations 5 and 6, 
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PQ _ PrTs PQ PQ! 
Q’ need ea ce 


But A is a constant which may be denoted 
Dy atte 
Therefore for one pound of gas: 
Po.Q = RT 4 
and for W, pounds of gas: 
P.Q = W:RTe 8 


The value of R for dry air, under a pressure of 
14.7 pounds per square inch and a temperature of 
32 degrees Fahr., is equal to 


PoQ_ 14.7144 12.39 _ 
icine Leet 459.6 + 32 = BB88 


Therefore, for one pound of air with the units 
taken: 


PoQ = 58.35 Te 3) 


and for W, pounds: 
PQ — 53.35 W:tTe 
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Fig. 4. Relation Between Volume and Weight of a Perfect 
‘ Gas at Various Temperatures. Based on 
Po — P=14.7 pounds per square inch and 
132 SG SESB) 
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Equation 8 is the basis of all the theory leading 
to the derivation of the theoretical draft equation. - 
It will also be found useful later in transferring 
the volume of a gas to its equivalent weight, and 
vice versa. Fig. 4 shows the relation between vol- 
ume and weight of dry air for various tempera- 
tures, as noted. 

PG JF 

Te TWe a 
Fig. 5 gives the value of R for various values of 
W,, based on P, = P = 2116.8 lbs. per sq.ft., and 
T, = 82 + 459.6 — 491.6 degrees Fahr. 


In general R= 


of chi in pounds’ 
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T.We 
Based on Po = P = 2116.8 Ibs. per sq. ft. and Te = 32 + 459.6 
= 491.6 degrees Fahr. 


Fig. 5. Values of R in equation R= 


Intensity of theoretical natural draft 


By intensity of theoretical natural draft is meant 
the degree of difference in pressure between the 
warmer gases within the chimney and the outside 
air when the gases are absolutely motionless. From 
equation 9: 

53.85 Wa Te 
OS ai 
Then for one pound of air at standard atmospheric 
pressure and 32 degrees Fahr., 
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an 53.35 X 1 X 491.6 
Py 14.7 x 144 
= 12.39 cubic feet per pound, 


and the density is equal to 
1 
We = 7599 = 0.08071. 


Assuming, for illustration, an outside air tem- 
perature of 60 degrees Fahr. and a chimney gas 
temperature of 600 degrees Fahr. and neglecting, 
for the moment, the difference in density between 
the two, the intensity of theoretical draft is found 
as follows: 

Under standard atmospheric pressure, the 
- weight of a cubic foot of air at 60 degrees Fahr. is 


equal to 


491.6 _ 
0.08071 = 5.4 = 0.07636 pounds, 


and the weight of a cubic foot of chimney gases at 
600 degrees Fahr. is equal to 

0.08071 aoe = 0.03745 pounds. 
Then the difference between the two weights is 
equal to 

0.07636 — 0.03745 = 0.03891 pounds. 
For a chimney 100 feet high, for example, the dif- 
ference in pressure would be equal to 
0.03891 * 100 = 3.891 pounds per square foot, 

or, in other words, if a chimney 100 feet high were 
suspended in the air and some kind of a diaphragm 
was stretched across its bottom, the pressure on the 
under side of the diaphragm would be 3.891 pounds 


per square foot. 
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Since a cubic foot of water at 60 degrees Fahr. 
weighs 62.366 pounds, an inch of water will exert 
a pressure of 

62.366 
12 
Whence the above pressure expressed in pounds 
per square foot is equal to 
3.891 
5.2 


— 5.2 pounds per square foot. 


= 0.7483 inches of water. 


Draft is measured in terms of inches of water 
for convenience. The simplest draft indicating in- 
strument is the U-tube gauge, one end of which is 
attached to the chimney and the other left open to 
the air. A difference of one inch between the 
level of the two water columns of the gauge corre- 
sponds to a difference in pressure between the air 
and the chimney gases of 5.2 pounds per square 
foot. 

There are five factors which influence the in- 
tensity of theoretical natural draft, viz: 
Temperature of chimney gases, 
Temperature of outside air, 

Density of chimney gases, 
Height of chimney, 
Elevation of chimney above sea level. 


re Ge pata 


In the above, if the chimney gas temperature is 
increased the difference between the weights of 
the two columns of gas and air becomes greater 
and the draft is increased. When the outside air 
temperature increases, the difference between the 
two weights becomes less and the draft is de- 
creased. If the density of the chimney gases is 
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increased, the difference between the two weights 
becomes less and the draft is decreased. When the 
height of the chimney is increased, the difference 
in pressure becomes greater and the draft is in- 
creased. Finally, if the altitude is increased, the 
density of the outside air and the chimney gases 
becomes proportionately less, the difference in 
weight becomes less and the draft is decreased. The 
above statements are based on the fact that all 
of the other factors remain constant, while the 
one under discussion is being increased. There are 
many other conditions which affect the intensity 
of the draft, at times to a considerable extent, but 
which cannot be expressed in numerical quantities. 
As a rule they tend to neutralize one another, how- 
ever, and, except in isolated instances, need not be 
considered at all. 


General equation for the intensity of theoretical 
natural draft 


The general equation for the theoretical draft 
is developed as follows: 
The density of the outside air is equal to 


Pr 


ae) 
le) 


° 12 

in which 
do = density of the outside air in pounds per cubic foot, 
W. = weight ‘in pounds per cubic foot of dry outside air 
at 82 degrees Fahr. and standard, or sea level, at- 


mospheric pressure, — , 
Po =observed atmospheric pressure in pounds per 


square inch, 
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P =standard, or sea level, atmospheric pressure in 
pounds per square inch, 

T = absolute temperature of the outside air at 32 de- 
grees Fahr. and standard atmospheric pressure, 

To = absolute temperature of the outside air in degrees 
Fahr., 

= to + 459.6, in which to is the observed temperature 

of the outside air in degrees Fahr. 


Table 1 gives the density of dry air at various 
temperatures. Fig. 6 shows the variation in the 
density graphically. 


i 
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Fig. 6. Density of Outside Air at Various Temperatures. 
Based on do — 0.08071 pounds per cu. ft. at 32 deg. Fahr. 
and Po— P= 14.7 pounds per square inch. 


Likewise, the density of the chimney gases is 
equal to 
Po T 
Paro 13 


de —— We 
in which 
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TABLE 1 
Density and Specific Volume of Air at Various 
Temperatures 
5 Density in Specific Volume 
Temperature in pounds per in cubic feet 
degrees Fahr. cubic foot per pound 

—50 0.09687 10.32 
—40 -09456 10.57 
—30 .09236 10.82 
—20 .09026 11.08 
—10 -08825 aSS 
0 . 08633 11.58 

10 -08449 11.84 
20 .08273 12.09 
30 -08104 12.34 
32 08071 12.39 
40 07941 12.59 
50 .07786 12.84 
60 .07636 13.09 
70 .07492 13-35 
80 -07353 13.60 
90 -07219 13.85 
100 .07090 14.10 
110 . 06966 14.35 
200 .06015 16.62 
250 .05591 17.88 
300 -05223 19.14 
350 .04901 20.40 
400 .04616 21.66 
450 -04362 22.92 
500 -04135 24.18 
550 .03930 25.44 
600 .03745 26.70 
650 03576 27.96 
700 .03421 29.23 
750 .03280 30.49 
800 -03150 31.74 
850 -03029 33.00 
900 -02918 34.26 
950 -02815 35:52 
1000 .02719 36.78 
1100 .02544 39.30 
1200 02391 41.82 
1300 .02255 44.34 
1400 .02134 46.86 
1500 .02025 _ 49.38 
1600 .01926 51.90 
1700 -01837 54.42 
1800 -01756 56.95 
1900 .01681 59.46 


2000 -01613 61.99 
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de =density of the chimney gases in pounds per cubic 
foot, 

W-= weight in pounds per cubic foot of chimney gases 
at 32 degrees Fahr. and standard, or sea level, at- 
mospheric pressure, 

Te = absolute temperature of the chimney gases in de- 
grees Fahr., 

=te + 459.6, in which te is the average temperature 
of the chimney gases in degrees Fahr. 


Fig. 7 shows the variation in the density of the 
chimney gases for various temperatures, based on 


two different values for the density at 32 degrees 
Fahr. 


Average temperature of chimney gases in degrees Fahr 
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Fig. 7. Density of Chimney Gases at Various Temperatures. 
Based on P, = P=14.7 pounds per square inch. 


Whence the weight of a column of chimney 
gases equals 
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Pert 
Hde=H We 
Baris 14 


and the weight of an equal column of outside air 
equals 


A ai— Wo We 


15 


both expressed in pounds. Assuming each column 
to be one square foot in area, the difference in 
weight between the two columns in pounds per 
square foot equals 

ad by T. 


H du—_  H de =H cc To Se Weta 


See) ee 


Expressed in inches of water, equation 16 be- 


comes 
ne ie Po 1/ Woo bWic 
Gee ee PN Te oe Te: 
Po (Ww. W 
= O925 oH 1 ° We 
To Te lve 
in which 
H = height of chimney, above grate bars, in feet. 
and Dt = theoretical draft in inches of water. 
Since T = 32 + 459.6 = 491.6, 
end age Ae 
equation 17 reduces to 
uP Wo We 
Dr — 6.43 o Wi a ie 18 


Equation 18 gives the maximum theoretical 
static draft with all the observable factors taken 
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into consideration, and is the basis of analysis of 
all draft problems. 
Simplifying further, for convenience, in equa- 
tion 18: 
Let We = 0.08071. 


Assume, for the moment, that the density of the 
chimney gases is the same as that of the outside 
air, or, 

We = 0.08071. 


Substituting these values in equation 18: 


De—0-509eHebs Ae za 

a 19 
; 1 

or = 0.2547H Bo {| —- — bas 

To Te 20 
in which 
Bo = observed atmospheric pressure in inches of mer- 
cury. 


For convenience, let 


Kopi =30-5 19 Poa (ee 
Te Te PA | 


Then Da Knee. 22 


Assuming an observed atmospheric pressure, 
P,, of 14.7 pounds per square inch, or standard at- 
mospheric pressure, i.e., the atmospheric pressure 
at sea level, equation 21 becomes 


i 1 
Kp == 1.68 To — Te ) 
23 
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Table 2 gives the values for Kp, or the theoreti- 
cal draft per foot of chimney, for various chimney 
gas and outside air temperatures. Fig. 8 shows the 
curves for these values. It should be particularly 
noted that the values shown are based on sea level 
conditions, i.e., standard atmospheric pressure, and 
similar outside air and chimney gas densities at 
382 degrees Fahr. Table 3 gives the theoretical 
draft per foot of chimney based* on a value of 
0.0855 for W. which may be considered an average 
value in every day practice. 

Fig. 9 gives the theoretical draft for various 
heights of chimney with the chimney gas tempera- 
tures as noted. In constructing this set of curves, 


Average temperature of chimney gases \n degrees Fahr 
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Fig. 8. Theoretical Draft of Chimneys per Foot of Chimney 
Based on de = do = 0.08071 Ibs. per cu. ft. at 32 deg. Fahr. 
and, Po—P — 14.7 lbs. per sq. in- 
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Fig. 9. Theoretical Draft of Chimneys for Various Chimney 
Gas Temperatures. 
Based on to 60 deg. Fahr., 
de = do = 0.08071 Ibs. per cu. ft. at 32 deg. Fahr., and 
Po = P = 14.7 Ibs. per sq. in. 
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Fig. 10, Correction for Theoretical Draft Due to Chimney Gas 
Density Variation. 
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it has been assumed that the chimney is at sea 
level, that the density of the chimney gases is the 
same as that of the outside air, and that the tem- 
perature of the outside air is 60 degrees Fahr. 

The theoretical draft, as stated before, is purely 
a theoretical quantity and cannot be accurately 
observed by a draft gauge. If, however, the ash- 
pit doors be closed tightly, there be no leakage of 
air through the installation and the gases in the 
chimney be absolutely motionless, the observed 
draft at the grate level of the chimney will be ap- 
proximately the same as the theoretical draft. 

The theoretical draft is an extremely important 
quantity, in that it gives the maximum obtainable 
intensity of difference in pressure under the con- 
ditions as assumed. 
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Fig. 12, Variation in Theoretical Draft Due to Atmospheric 
Pressure Changes. 
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Summary 


The theoretical draft of a chimney increases as 


1. The chimney gas temperature increases, 
2. The outside air temperature decreases, 
3. The chimney gas density decreases, 

4, The height of the chimney increases, 

5. The atmospheric pressure increases. 


Whence the theoretical draft of a chimney varies: 
Directly as 1. The chimney gas temperature, 
2. The height of the chimney, 
3. The atmospheric pressure, 
and inversely as 1. The outside air temperature, 
2. The density of the chimney 
gases. 


Example 


Find the theoretical draft of a chimney under the 
following conditions: 


80 degrees Fahr., outside air temperature, 
500 degrees Fahr., chimney gas temperature, 
0.0855 density of the chimney gases, 
200 feet, height of chimney, 
14.5 pounds per square inch, atmospheric 
pressure. 


Substituting the above values in equation 18 and 


reducing: 
0.08071 0.0855 
Di = 6.43 X 200 X 14.5 X | —zag— — 959.6 


= 1.128 inches of water. 


From Table 2 or Fig. 8: 
Kp = 0.00619. 


DRAFT AND CAPACITY OF CHIMNEYS 


Or 
i=) 


$23 
[ 
[ 


= 


ae ee ae a 


ieee lean ad BE - 1 
: 


2\* Iloo 
To 
60 
50 
at FAIAIE 
30 
20 
40 
° 


Average temperature of chimney gases in degrees Fahr 


w 
8 
+| 


888 
fe 


es CE : 1_| | 
° 950 060 070 ae0 8090 400 Mo \20 130 140 150 r=) uo 160 
Relative draft 


Fig. 13. Relation of Theoretical Draft for Various Outside 
Air Temperatures to the Draft for an Outside Air Temperature 
of 60 deg. Fahr. 


Based on de = do = 0.08071 at 32 deg. Fahr. 
and} Po =) P —9147 Ibs! per, sq. anu 


From Fig. 10, the correction for a chimney gas 
density of 0.0855 equals 


0.00047. 
Whence the corrected theoretical draft per foot of 
chimney equals \ 


0.00619 — 0.00047 = 0.00572, (See Table 3) 


and for a 200-foot chimney 
0.00572 & 200 = 1.144. 


The ratio factor for an atmospheric pressure of 


14.5 pounds per square inch, as given by Fig. 12, 
equals 0.986 
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Whence the final corrected theoretical draft equals 
1.144 & 0.986 = 1.128 inches of water. 


Again, from Fig. 9: 
D: = 1.34 inches of water. 


From Fig. 10, the correction for a chimney gas 
density of 0.0855 equals 
0.00047 * 200 = 0.09. 


Whence the theoretical draft corrected for density 
equals 
1.34 — 0.09 = 1.25 inches of water. 


From Fig. 13, the relative draft for an outside air 
temperature of 80 degrees Fahr. and a chimney gas 
temperature of 500 degrees equals 

0.92, 


and from Fig. 12, the ratio factor for an atmos- 
pheric pressure of 14.5 pounds per square inch 
equals 

0.986 


Whence the final corrected theoretical draft equals 
1.25 & 0.92 & 0.986 = 1.13 inches of water. 


CHAPTER III 


Losses DUE TO VELOCITY AND FRICTION 


As has been stated, heretofore the theoretical 
draft as given by equation 18 is purely a theoretical 
quantity which cannot be accurately measured or 
indicated by a draft gauge. If, however, the ash-pit 
doors or air entrance be closed tightly, there be no 
leakage of air in the installation, and there be no 
movement or circulation of gases within the chim- 
ney, the observed draft at any region of the chim- 
ney will be approximately the same as the theoreti- 
cal draft. When the gases within the chimney are 
flowing freely, the intensity of the theoretical draft 
is decreased by: 


1. Loss of draft due to velocity of the chimney 
gases, 


2. Loss of draft due to friction between the 
chimney gases and the walls of the chimney. 


The quantity obtained by deducting the values 
of the losses due to velocity and friction from the 
theoretical draft is called the available draft. The 
intensity of the available draft may be observed 
when the gases within the chimney are flowing 
freely and there are no obstructions in the chimney 
preventing an easy egress of the gases. The avail- 
able draft is useful as the balancing member of an 
equation when the draft at the damper level is 
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considered. The draft observed at the chimney 
side of the damper is the available draft and that 
required at the boiler side is called the required 
draft. 

Whence Da = Dt — (hy + hr) | 24 


in which 


Da = available draft in inches of water, 
hv = loss of draft due to velocity in inches of water, 
ht = loss of draft due to friction in inches of water. 


Loss of Draft Due to Velocity Based on Velocity of 
Chimney Gases 


The equation for the loss of draft due to the 
velocity of the chimney gases within the chimney, 
or, the amount of draft necessary to impart velocity 
to the gases going up the chimney, commonly called 
the velocity head, is derived as follows: 


Now Va )2 ooh 
whence h= th ; 25 
2g 


Expressed in terms of gases and inches of water, 
equation 27 becomes 


2 
hy = 0.192 de ps 26 
2g 
Pome meV 
or hy = 0.192 We P T. Qe 27 


in which 
Va = working velocity of chimney gases in ft. per second, 
g = acceleration due to gravity. 


Now since P= 14.7 
i= 156 
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and 2g — 64.4 ee 
Then hv—0.10 We Po re 28 


Equation 28 gives the loss of draft due to veloc- 
ity of the chimney gases with all of the observable 
factors taken into consideration. 

Assuming We = Wo = 0.08071 


V'a 
Then hv = 0.00806 Po = 29 
Again, assuming Po = P = 14.7 
V7. 
Then hy = 0.1185 =F, 30 


Equation 30 gives the loss of draft due to veloc- 
ity in its simplest form. Table 4 gives the loss of 
draft due to velocity for various chimney tempera- 
tures with the velocities as shown, based on a chim- 
ney gas density of 0.08071 pounds per cubic foot at 
382 degrees Fahr. and P, = P = 14.7. Fig. 14 shows 
these results graphically. 

The loss of draft due to velocity may also be con- 
sidered as the amount of draft, or difference in 
pressure, required to accelerate the chimney gases. 
It should, in reality, be considered as a part of the 
loss of draft due to friction, but since the loss of 
draft due to friction is dependent upon the height 
of the chimney and also upon the value of D, 
neither one of which affects the intensity of the loss 
of draft due to velocity, it is necessary to consider 
each separately. 

The correction factor, or ratio factor, for at- 
mospheric pressure changes is given by Fig. 12 
and for chimney gas density changes by Fig. 15. 
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TABLE 4 


LOSS OF DRAFT DUE TO VELOCITY 


Based on density of chimney gases = 0.08071 pounds per cubic 
foot at 32 degrees Fahr., and P, = P = 14.7 pounds per 
square inch. 


te Velocity of chimney gases in feet per second 
GnRe Gy || =a. St Sa ee ee SS ce 
chimney | 5 | 10 | 15 | 20 | 25 | 30 | 35 | 40 | 45 | so, 


gases in 


Fahr. Loss of draft due to velocity in inches of water 


LOOM O05 20205. 048" 2085. 3132-190) 259 1338 .428 2528 
200 .005 .018 .040 .072 .112 .161 .220 .287 .364 .448 
300 .004 .016 .035 .062 .097 .140 .191 .249 .316 .390 
400 .003 .014 .031 .055 .086 .124 .169 .220 .279 .344 
DOOM OOS EOI 02852049 2077 sli = 1st <19752250) £308 
GO0m O03 e201 0252045: 7070" . 100° .137 2179 5226. 279 
LOOMES00S  0L0N. 023) 20417 700477092 2125" 5163" 207 .255 
SOOM O02 000s. .0215 5038) 059 2085. 3115: 150 2190 3235 
900 .002 .009 .020 .035 .054 .078 .107 .139 .176 .218 
LOO0M 0022008018 2032" 7051 2073 .099 21307 71642 1.202 
1100 .002 .008 .017 .030 .047 .068 .093 .121 .154 .190 
1200 .002 .007 .016 .029 .044 .064 .088 .114 .145 .178 
13000025 007 015 7.027. .042 .061 -083 -108 .136 .168 
1400 .002 .006 .014 .025 .040 .057 .078 .102 .128 .159 
1500 .002 .006 .014 .024 .038 .054 .074 .097 .122 .151 
1600 .001 .006 .013 .023 .036 .052 .070 .092 .116 .144 
1700 .001 .005 .012 .022 .034 .049 .067 .088 .111 .137 
1800 .001 .005 .012 .021 .033 .047 .064 .084 .106 .131 
1900) .001 2.005.011 .020 .031 .045 .061 .080 .102 .125 
2000 .001 .005 .011 .019 .030 .043 .059 .077 .098 .120 


Example: Determine the loss of draft due to 
velocity for the following conditions: 

600 degrees Fahr. chimney gas temperature, 

30 feet per second velocity of the chimney gases, 

0.0855 density of the chimney gases at 32 de- 


grees Fahr., 
14.3 pounds per square inch atmospheric pres- 


sure. 
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Loss of Draft Due to Velocity. 


Based on de = 0.08071 pounds per cubic foot at 32 degrees Fahr. 


and 


Po = P= 14.7 pounds per square inch. 


Substituting in equation 28 and reducing: 


hy = 0.10 X 0.0855 & 14.3 X 


(30)* 
1059.6 


= 0.103 inches of water 


Or, from Fig. 14 or Table 4, the loss of draft due 
to velocity for a chimney gas density of 0.08071 
lbs. per cu. ft. at 82 deg. Fahr. and standard at- 
mospheric pressure equals 
0.100 inches of water. 


From Fig. 12, the ratio factor for an atmospheric 
pressure of 14.3 lbs. per square inch equals 0.973, 
and from Fig. 15, the ratio factor for a chimney 
gas density of 0.0855 equals 1.059. 

Whence the loss of draft due to velocity corrected 
for chimney gas density and atmospheric pressure 


equals 


0.100 X 0.973 X 1.059 


= 0.103 inches of water. 
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Fig. 15. Ratio Factor for Losses of Draft Due to Velocity and 
Friction Due to Chimney Gas Density Variations. 


Loss of Draft Due to Velocity Based on Volume of 
Chimney Gases 


Considering the volume of the chimney gases, in- 
stead of the velocity, the loss of draft due to veloc- 
ity is derived as follows: 

Since Q=AVz 31 


Q 
Then VWa= x o2 


‘in which Q = volume of gases flowing in cubic feet 
per second, and A=area of chimney in square 
feet. 


Substituting in equation 28: 


Q 
hy = 0.10 We Po LT. 33 


For circular sections: 
2 


ae 
hv — 0.162 We Po D! le 34 
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e 


Assuming We = Wo = 0.08071: 


2 


hy = 0.013 Po gee 


JEN 
Assuming Po = P 14.7: 
Bee 
hy = 0.193 peg, 


Finally, assuming Te =1059.6 (600 + 459.6): 
Q’ 
hy = 0.000182 —- 


385 


36 


37 


° 


Fig. 16 gives the loss of draft due to velocity for 
various values of Q and D, based on a chimney gas 
density of 0.08071 pounds per cubic foot at 32 de- 
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Fig. 16. Loss of Draft Due to Velocity Based on Volume of 


Chimney Gases Flowing. 


Based on a circular section, W- = 0.08071, te = 600 deg. Fahr., 


and Po = P = 14.7 lbs. per sq.in. 


Losses DUE TO VELOCITY AND FRICTION 59 


grees Hahr, P,— P-—14.7;.and a chimney gas 
temperature of 600 degrees Fahr. The correction 
or ratio factor for a variation in the atmospheric 
pressure is given by Fig. 12, for a variation in the 
density of the chimney gases by Fig. 15 and for a 
variation in the temperature of the chimney gases 
by Fig. 17. Table 5 gives the fourth power of vari- 
ous values of D. 


Loss of Draft Due to Velocity Based on the Weight 
of the Chimney Gases 


Considering the weight of the chimney gases, in- 
stead of the velocity or the volume, the loss of 
draft due to velocity is derived as follows: 


TABLE 5. 
FouRTH POWERS OF D 
D 1B he D D* 
1.0 1 11.0 14,641 
1.5 5 11.5 17,490 
2.0 16 12.0 20,736 
2.5 89 12.5 24,414 
8.0 81 13.0 28,561 
3.5 150 13.5 33,215 
4.0 256 14.0 38,416 
4.5 410 14.5 44,205 
5.0 625 15.0 50,625 
5.5 915 15.5 57,720 
6.0 1,296 16.0 65,536 
6.5 1,785 16.5 74,120 
27.0 2,401 17.0 83,521 
7.5 3,164 17.5 93,789 
8.0 4,096 18.0 104,976 
8.5 5,220 18.5 el oD 
9.0 6,561 19.0 130,321 
9.5 8,145 19.5 144,590 
10.0 10,000 20.0 160,000 
10.5 12,155 
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Now from equation 8: . 
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Fig. 17. Ratio Factor for Losses of Draft Due to Velocity and 


Friction Due to Chimney Gas Temperature Changes. 


W:R Te 
QB 

Also Q= AVa 
Then® AV:.= WRT 
W:R Te 
and Via ‘A Pas 


Substituting equation 11 in equation 40: 


Wa P Te 


Va= ATP. We 


Substituting equation 41 in equation 28: 
Wa Te - 
0.03 ———__ 

emne Ge 


38 


39 


40 


41 
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Wa Te 
= 0.0000893 P. A? We 42 
Now since P — 0.4912 Bo 
Then shy= 0.000192 43 
Bo A? We 
For a circular section: 
W7'. Te 
hy = 0.000145 P.D'w. 44 
Honea > — 147% 
W’. Te 
hy = 0.00000986 Dw. 45 
For We = Wo = 0.08071: 
2 
a We 
hy = 0.0001222 wee 46 
For Te = 1059.6 (600 + 459.6): 
2 
hy = 0.01295 mus AT 


Fig. 18 gives the loss of draft due to velocity for 
various values of W and D, based on a chimney gas 
density of 0.08071 pounds per cubic foot at 32 de- 
grees Fahr., P, = P = 14.7, and a chimney gas 
temperature of 600 degrees Fahr. The correction 
or ratio factor for a variation in the atmospheric 
pressure is given by Fig. 19, for a variation in the 
density of the chimney gases by Fig. 15, and for a 
variation in the temperature of the chimney gases 
by Fig. 17. Table 5 gives the fourth power of vari- 
ous values of D. 
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Fig. 18. Loss of Draft Due to Velocity Based on Weight of 
Chimney Gases Flowing. 


Based on a circular section, W- = 0.08071, te — 600 deg. Fahr. 
and )Po ==) P /—s14-7 Lbs. perusg. an. 


The shape of the cross-section of the chimney 
has no effect on the intensity of the loss of draft 
due to velocity when the loss is based on the ve- 
locity of the chimney gases. When the loss is based 
on the volume or weight of the chimney gases flow- 
ing, however, the intensity of the loss for a square 
section is 0.617 of that for a circular section, where 
D = length of side of square; and for an octagonal 
section, 0.90 of that for a circular section, where 
D = length of face to face dimension of inside 
octagon. 
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Loss of Draft Due to Friction Based on the 
Velocity of the Chimney Gases 


The loss of draft due to friction between the 
chimney gases and the interior walls of the chimney 
may be derived from Fanning’s equation as follows: 

Val 


2g¢Ca a8 


Fanning’s equation is h=f 


Expressed in terms of gases and inches of water: 
V2. L 
2¢ Ca 
in which f = coefficient of friction, 


L = height of chimney, or length of duct, in feet, 
Ca = hydraulic radius of section. 


hr = 0.192 f de 49 


Po T V2 L 
Whence hr=0.192 f We PT. 2g Ga 50 
Now since Pe Ai 
29 16 
and 2¢ — 64.4 
V7.2 L 
Then hr = 0.10 f We Po an 51 
Te Ca 


Equation 51 gives the loss of draft due to fric- 
tion with all of the observable factors taken into 
consideration. This equation may be considerably 
simplified as follows: 


For a circular section: 


oe eS 62 


in which A = area of section in square feet, 
C = perimeter of section in feet, 
D = diameter of section in feet. 
Wile 16 
Whence hr=0.40fWe Po mr pH 53 


Assuming Po = P= 14.7: 
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Whee ir 
hr = 5.88 f We Sieg as 54 
Assuming We= Wo = 0.08071: 
Vie 
hr = 0.4746 f ws Dh 55 


The value of f, the coefficient of friction, is 
determined by experiment and varies between wide 
limits according to various authorities. Further 
experimentation to determine the value of this 
coefficient of friction more accurately is badly 
needed. An average of several experiments to- 
gether with values recommended by several author- 
ities gives the following values: 


f= 0.016 for brick and brick-lined ducts, 
= 0.012 for unlined steel ducts. 


Due to the fact that the inside surface of-both 
masonry and metal ducts, or chimneys, becomes in 
time covered with soot, the coefficient of friction 
no doubt is practically the same for both and in 
all probability approaches the higher value noted 
above. 

Wal 


Whence hr = 0.0076 TD 56 
Assuming, for convenience, that D = 1 foot, and 
=i foot, 

V'a 
then hr = 0.0076 T 57 


Table 6 gives the loss of draft due to friction per 
foot of chimney for various chimney gas tem- 
peratures with the chimney gas velocities as noted, 
and based on P, = P= 14.7 lbs. per square inch, 


65 


Losses DUE TO VELOCITY AND FRICTION 


69400" £7900" 76700" LLE00° LL700° £6100" £7100" 69000° T£000° 80000° 0007 
Z0800° 67900" £TS00° £6£00° 88700" 00200" 8cT00° fL000° c£000° 80000° 006T 
LE800° 84900" 9€S00° O1P00" TOE00" OTE00° VETO" $£000° Vve000" 80000 00st 
91800" 60400" T9S00° 6700" STe€00° 0Z700° OFTO0" 64000° $£000° 60000 OOLT 
61600" ¥PLO00' 88500" OSF00° Teco" O0£700° LV100" £8000" Z£000° 60000 OO9T 
99600" é8L00° 81900" £2700" 87200" TP700" SSTO0° 28000° 6£000° 01000 OOST 
LTOT0° $7800" TS900° 66700" 99¢00° PSc00" £9100" Z6000° T¥000° 01000 OOFT 
SLOTO™ TL800° 88900- LZS00° 48¢00° 69700" éLIO0" 46000° £7000" T1000 oo0eT 
OVTTO™ £7600" 0€L00° 6SS00° OTPO0" S87Z00° Z8100° £0100" 97000" T1000 00ZT 
£1710" £8600" LLLOO™ ¥6S00° LEv00" vOL0O' 6100" 60100° 67000° Z1000 OOTT 
L6710" OSOTO™ 0£800° s£900° 99F00° P7L00" 80700" LT100° gS000° £1000 OOOT 
T6£T0" L7110° 16800" 78900" TOSOO° 87200" £7COO0* SZt00° 9S000° ¥1000 006 
cOSTO" L1710° 19600" 9€L00° T¥S00° 9L£00° 0200" seto0o’ 09000" $1000 008 
TE9TO" TZetO" PrOLO™ 00800" Z8S00° 80700" 197200" LV100° $9000" 91000 002 
S8L10° 9bFIO" cVIIO® SZ800° £7900 9PP00" 98700" T9T00° ZL000° 81000" 009 
TL610° L6S10° T9TTO" 99600" OTL00° £06r00" 9T£00° LL100° 6L000° 07Z000° 00S 
T0720" S810" 60F10" 84010" €6L00° OSSO0° cSe00° 86100" 88000" €c000° 007 
06%20" L10CO° vOSTO’ 07710" 96800° £7900" 66£00° ¥7700" 00100" $Z000° 00e 
L9870° £C£TO™ SE8TO° SOPTO™ ceOTO® LT¥L00° 09400" 8700" STTOO" 672000" 002 
O8££0° LELTO™ £9170" 9S9TO" 9TZ1O" S¥800° TPS00° vOL00" setoo’ £000" OOT 
yop JO OO} 19d 197WA JO SOYOUT UT UOT OF ONp ep Jo sso’'T “IYeyY Soo1s 
-op Ul sases 
os Sv OV ge oe St 07 aut or Si AQUUITYD Jo 
oinyeredursy 
puooes Jad j990} UT Sosed ADUUITYO JO APOOTOA BseIOAY 


yout e1enbs 19d spunod /"f7=q=oq pue 
‘O10'0= J ‘“AYeY Sooidap ZE Fe JOO} O1qno 18d spunod T/0g0'0= Seses Aouumtyo Jo ApIsuep “JOO} T= C ‘J00} [= ‘T uO poseg 


NOILOIaH OL ANG LHovud AO Sssot 


9 HIAVL 


66 DRAFT AND CAPACITY OF CHIMNEYS 


d, = 0.08071 pounds per cubic foot at 32 degrees 
Fahr., f — 0.016, and D = 1 foot. Fig. 20 shows 
these results graphically. 


Average temperature of chimney gases in degrees Fah: 


Loss of drattininches of water per foot of chimney or duct 


Fig. 20. Loss of Draft Due to Friction per Foot of Chimney 
or Duct. 

Based on d- — 0.0871 pounds per cubic foot at 32 degrees Fahr., 

Po = P= 14.7 pounds per square inch, f= 0.016, and D=1 ft. 


The correction or ratio factor for a variation in 
the atmospheric pressure is given by Fig. 12, for 
a variation in the density of the chimney gases by 
Fig. 15, for a variation in the temperature of the 
chimney gases by Fig. 17, for a variation in the 
diameter of the chimney by Fig. 21, and for a vari- 
ation in the coefficient of friction by Fig. 22. 

The results as given by Table 6 and Fig. 20 are 
per foot of duct, or height of chimney. For any 
height of chimney, then, the loss of draft due to 
friction is equal to the loss per foot multiplied by 
the height of the chimney under consideration. 
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Fig. 21. Ratio Factor for Variation in the Value of D. 


Example: Determine the loss of draft due to 
friction for the following conditions: 


600 degrees Fahr. chimney gas temperature, 
30 feet per second chimney gas velocity, 
0.0855 density of the chimney gases, 
0.016 coefficient of friction, 
14.3 pounds per square inch atmospheric 
pressure, circular section, 
150 feet height of chimney or length of duct, 
5 feet diameter of duct. 


Substituting in equation 51 and reducing: 
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150 


(30)? T 
hr = 0.10 X 0.016 X 0.0855 X 14.3 X org X 4 (5)? 


q 5 


= 0.198 inches of water 


Coefficient of friction 


050 @60 O70 080 090 Loo iO L2o 130 
Ratio factor 


Fig. 22. Ratio Factor for Variation in Coefficient of Friction. 


Or, from Fig. 20 or Table 6, the loss of draft 
due to friction per foot of duct per foot of diameter 
for a chimney gas density of 0.08071 pounds per 
cubic foot at 32 degrees Fahr. and standard at- 
mospheric pressure equals 0.0064 inches of water. 

From Fig. 12, the ratio factor for an atmos- 
pheric pressure of 14.3 pounds per square inch 
equals 0.973. 

From Fig. 15, the ratio factor for a chimney gas 
density of 0.0855 pounds per cubic foot at 32 
degrees Fahr. equals 1.059. 
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From Fig. 21, the ratio factor for a diameter of 
5 feet equals 0.20. 

Whence the corrected loss of draft per foot of 
duct equals - 


0.0064 X 0.973 x 1.059 x 0.20 
= 0.00132 inches of water, 


and for a duct 150 feet long the loss of draft due 
to friction equals 


0.00182 * 150 
= 0.198 inches of water. 


If the coefficient of friction is 0.012, the ratio 
factor from Fig. 22 equals 0.75, and the loss of 
draft due to friction equals 


0.198 * 0.75 
= 0.149 inches of water. 


In determining the loss of draft due to friction, 
care should be taken in selecting the proper value 
for L. If the bottom of the breeching is located at 
the bottom of the shaft or at the top of the founda- 
tion, or more correctly at or near the grate level 
of the boilers, then L =H and the length of the 
duct is equal to the height of the chimney. In most 
installations, however, the bottom of the breeching 
opening is considerably above the grate level and 
in many cases is between 15 and 20 feet above this 
datum plane. In this case, the length of the duct, 
L, is equal to the distance from the bottom of the 
breeching opening to the top of the chimney, or 
the distance over which the chimney gases travel. 
In the example under discussion, if the bottom of 
the breeching opening is located 20 ft. 0 in. above 
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the grate level, then the loss of draft due to friction 


will be equal to 


0.001382 * 130 
= 0.172 inches of water. 


Loss of Draft Due to Friction Based on Volume of 
Chimney Gases. 


Considering the volume of the chimney gases in- 
stead of the velocity, the loss of draft due to fric- 
tion is derived as follows: 

Substituting equation 32 in equation 51: 


Q’ L 
hr = 0.10 f We Po ADO Ee 58 
For a circular section, as before: 
hr=0 £W ee 
i 647 ec Po Te D> 59 
MorePor—— bis lange 
fe gL 
hr = 9.515 f We T. Dp 60 
For We = Wo = 0.08071: 
2 
L 
hr = 0.768 f es D® 61 
Horste— 0.016" 
2 
L 
hr = 0.0123 us D> 62 


Assuming a chimney gas temperature of 600 de- 
grees Fahr., the loss of draft due to friction per 
foot of duct is equal to: 


hr = 0.0000116 Ms 63 


Fig. 23 gives the loss of draft due to friction for 
various values of Q and D, based on a circular sec- 
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“Ons =e 14.7, Wai Ws = 0.08071, f = 
0.016, and a chimney gas temperature of 600 de- 
grees Fahr. The curves give the friction loss per 
foot of duct. The correction or ratio factor for a 
variation in the atmospheric pressure is given by 
Fig. 12, for a variation in the density of the chim- 
ney gases by Fig. 15, for a variation in the temper- 
ature of the chimney gases by Fig. 17, and for a 
variation in the coefficient of friction by Fig. 22. 
Fig. 24 is an enlargement of a section of Fig. 23 
giving the loss due to friction for several of the 
smaller diameters. 

The loss of draft due to friction for an octagonal 
section is 0.90 and for a square section 0.617 of 
that for a circular section, for the same value of Q 
and D, and in which D = length of side of square 
for square section and D = face to face dimension 
of octagon section. 
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Fig. 23. Loss of Draft Due to Friction for Various Volumes 
of Chimney Gases and Diameters of Chimney. 
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Fig. 24. Enlarged Section of Fig. 22. 
Both Figures based on a chimney with a circular section, 600 
degrees Fahr. chimney gas temperature, 0.016 coefficient of fric- 


tion, 0.08071 chimney gas density at 32 degrees Fahr., and 
- Po = P= 14.7 pounds per square inch. 


Since Q = A Va, equation 63 may also be written as 
2 2 


A’ V’s 
hr = 0.0000116 D® 64 


Since A is a function of both Q and D, V, then 
is the corresponding velocity of the chimney gases 
in feet per second and the curves for various cor- 
responding velocities are shown on Figs. 23 and 24. 


Table 7 gives the fifth power for various values 
of D. 


Loss of Draft Due to Friction Based on the Weight 
of the Chimney Gases 


Considering the weight of the chimney gases in- 
stead of the velocity or the volume, the loss of draft 
due to friction is derived as follows: 

Substituting equation 41 in equation 51: 
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TABLE? 7 
FIFTH POWERS OF D 


D D5 D D5 
1.0 1 11.0 161,051 
1.5 8 11.5 201,135 
2.0 Se 12.0 248,832 
D5) 97 oS 305,175 
3.0 243 13.0 371,293 
325 525 1325; 448 268 
4.0 1,024 14.0 537,824 
4.5 1,845 14.5 640,973 
530) 31125 15.0 759,375 
BS 5,033 1515 894,660 
6.0 7,776 16.0 1,048,576 
6.5 11,603 16.5 1,222,980 
7.0 16,807 17.0 1,419,857 
Ua) 23,730 Was 1,641,307 
8.0 32,768 18.0 1,889,568 
8.5 44,370 1355 2,166,998 
9.0 59,049 19.0 2,476,099 
ORS 77,387 19.5 2,819,505 

10.0 100,000 20.0 3,200,000 
10.5 127,628 
(0 3 Wa Te L 
Wicgs Po A We 65 
hr = 0.10 £f We Po T. aaa ; 
W?. T7c L 
— 0.0000893 af We Po Te Po AZ Ww. Ca 
Wate 
Then hr = 0.0000893 f Pom Wee Ce 66 
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oe 67 
Or hy — 0.000182 if Bo A? We Ca 
A 
In general Ca = Cc 
For a circular section 
W?. Te L 68 
he = 0.000579 £ Ps D® We 
Assuming Po = P = 14.7: 
W?. Te L 69 
ht = 0.0000394 f D> Ww. 
Assuming We = Wo = 0.08071: 
W?. Te L 
hz: = 0.000488 f 5 1 es 70 
Assuming f = 0.016: 
W’a figs iv 
hr = 0.0000078 ik <a 71 


Finally, assuming a chimney gas temperature of 
600 degrees Fahr., the loss of draft due to friction 
per foot of duct is equal to: 
W': 

Dd? 

Fig. 25 gives the loss of draft due to friction for 
various values of W and D, based on a circular sec- 
tion, Ps = P= 147,-W. = We, 000 eee 
0.016, and a chimney gas temperature of 600 de- 
grees Fahr. The curves give the friction loss per 
foot of duct. The correction or ratio factor for a 
variation in the atmospheric pressure is given by 
Fig. 19, for a variation in the density of the chim- 
ney gases by Fig. 15, for a variation in the tem- 
perature of the chimney gases by Fig. 17, and for 
a variation in the coefficient of friction by Fig. 22. 
Fig. 26 is an enlargement of a section of Fig. 25 


a 


hr = 0.00828 72 
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Fig. 25. Loss of Draft Due to Friction for Various Weights 
of Chimney Gases and Diameters of Chimney. 
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Fig. 26. Enlarged Section of Fig. 24. 


Both Figures based on a chimney with a circular section, 600 

degrees Fahr. chimney gas temperature, 0.016 coefficient of fric- 

tion, 0.08071 density of chimney gases at 32 deg. Fahr., and 
Po— Pi—14,7.1ps, pets sq. in. 


giving the loss due to fri@ion for several of the 
smaller velocities. 

As stated heretofore, the loss of draft due to 
friction for an octagonal section is 0.90 and for a 
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square section 0.617 of that for a circular section, 
for the same value of W and D. 


Since OAV 
W:RTe 
and also QO oi aes 73 
Q Po 
Then Wa = R Te 74 
A Va Po 
= Ta ie 


For a chimney gas density of 0.08071 pounds 
per cubic foot at 32 degrees Fahr., P, = P = 14.7, 
and a chimney gas temperature of 600 degrees 
ahr 


WwW? —= AS Via 6 
1718 q 
Substituting in equation 72: 
AFV3 
he = 0.00828 713 D* T7 


Then, as before, since A bears a known relation 
to D, V is the corresponding velocity of the chim- 
ney gases in feet per second. The curves for the 
various velocities are shown on Figs. 25 and 26. 


CHAPTER IV 


AVAILABLE DRAFT AND DRAFT PERFORMANCE 


In the last two preceding chapters, the theory 
for both the theoretical draft and the available 
draft of a chimney has been developed in detail. 
It has been established, first, that the theoretical 
draft is the difference in pressure caused by the 
difference in weight between the hot air or gases 
within the chimney and an equal column of out- 
side air and that the intensity of the theoretical 
draft varies directly as the temperature of the 
chimney gases, the height of the chimney, and 
the atmospheric pressure and inversely as the 
outside air temperature, and the density of the 
chimney gases; second, that the available draft is 
the difference in pressure caused by the difference 
in weight between the hot air or gases within 
the chimney and an equal column of outside air 
less the amount of the losses in pressure due to 
velocity and to friction of the chimney gases, and 
that the intensity of the available draft varies di- 
rectly as the temperature of the chimney gases, the 
height of the chimney, the diameter of the chim- 
ney, and the atmospheric pressure and inversely 
as the outside air temperature, the square of the 
velocity of the chimney gases, the coefficient of 
friction, the length of the duct, and the density of 
the chimney gases. The theoretical draft of a 
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chimney is the difference in pressure expressed in 
inches of water when the gases in the chimney are 
absolutely motionless and there is no circulation 
whatsoever. The available draft is the difference 
in pressure expressed in the same manner when 
the gases in the chimney are flowing freely. 

As stated in Chapter 1, a chimney in connection 
with a steam plant has two important functions 
or “jobs” to perform, one to help create a draft 
and the other to carry away the gaseous products 
of combustion. Hence, it may be stated in short, 
that the two functions of a chimney are: 


1. Draft performance, 
2. Capacity performance. 


It is with the draft performance of a chimney that 
this chapter will deal. 

Equation 18 gives the draft of a chimney, the 
theoretical draft, when the gases are absolutely 
motionless and the velocity of the chimney gases 
is equal to zero. In this case, then, 


Da = Dr 78 


Equation 24 gives the draft.of a chimney, the 
available draft, when the gases are flowing freely 
and the velocity of the chimney gases is equal to 
the average velocity of the gases going up the 
chimney. In this case, since the available draft 
is always less than the theoretical draft, 


Da= Rp Dt 79 


in which Rv = ratio factor, or the relation of the 
available draft to the theoretical draft, 
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Da 
Di 

The value of Rp is an extremely variable quan- 
tity and depends upon the value of the nine differ- 
ent factors as noted in Chapter 3. Of all of the 
absurd theories or statements advanced in regard 
to the general subject of draft, the statement that 
the available draft of a chimney is equal to ap- 
proximately 80 per cent of the theoretical draft 
is perhaps the most baseless and misleading. There 
is no general relation between the available draft 
and the theoretical draft of a chimney. It may vary 
from 1 per cent, or a-fraction less, to 99 per cent, 
or a fraction more, depending upon the conditions 
assumed or those to which the chimney is subjected. 
There are nine separate factors entering into the 
available draft equation, each one of which may 
vary from a maximum to a minimum value in the 
course of a year or so. It might be possible for all 
of the adverse conditions or factors to be a maxi- 
mum and all of the favorable conditions to be a 
minimum at the same time, or vice versa. Again, 
such a condition might arise in which both the ad- 
verse conditions and the favorable conditions 
might be a maximum at the same time, or both 
might be a minimum at the same time. In any of 
the four cases noted above, the ratio factor would 
be far from 80 per cent. While these conditions 
may seem remote, they should be taken into con- 
sideration and the most unfavorable conditions, on 
the average, should be considered as the criterion. 

The ultimate object of a thorough investigation 
of the draft performance of a chimney is to pro- 


Whence l= 80 
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vide data for the accurate determination of the 
proper height of a chimney. As will be seen in a 
later chapter, unless there is sufficient and reliable 
data at hand for determining the preliminary 
height of a chimney, it will be impossible to obtain 
the proper required height and diameter. It is 
impossible to arrive at a definite conclusion from 
incomplete, inaccurate, or indefinite information. 
Furthermore, in this particular instance, an at- 
tempt to generalize on an equation derived for spe- 
cific conditions is far worse than guesswork. 


General equation for the available draft of a 
chimney 


Selecting equations 18, 28 and 51 and substitut- 
ing in equation 24: 


Wo We 
Da = 6.43 H Po (Zz Soa Te ) 
ahs ee VG 
[ 0.10 We Po + 0.10 f We Po T. Ga 
* Wess Vie al 
iS Ace Pom(14+ 5" 81 


Equation 81 gives the available draft of a chimney 
with all the available factors or conditions taken 
into consideration. Whence it will be seen that the 
following factors enter into the available draft and 
affect its intensity: 

1. Outside air temperature, 

2. Chimney gas temperature, 

3. Height of chimney, 
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Shape of section, or value of D, 
Velocity of chimney gases, 
Coefficient of friction, 

Length of duct, 

Density of chimney gases, 
Atmospheric pressure. 


ap cling SED ead lr 


To the above should be added: 
10. Volume and weight of chimney gases. 


Owing to the great number of variables entering 
into the equation for the available draft of a chim- 
ney, it is impossible to construct a set of curves for 
determining its intensity graphically, as was done 
in the case of the theoretical draft, which can be 
used generally for even an average set of operating 
conditions. The available draft may be found with- 
out undue effort, with the aid of a slide rule, by 
substituting the proper values in equation 81 and 
reducing; or, the theoretical draft may be found 
from Fig. 8, the loss of draft due to velocity from 
Fig. 14, and the loss of draft due to friction from 
Fig. 20, the available draft then being the algebraic 
sum of these three quantities, after the proper cor- 
rections have been made. 

Equation 81, however, may be reduced to a very 
simple form by assuming values for average work- 
ing conditions for several factors, and from it a 
diagram can be constructed which will give the 
available draft of a chimney for certain assumed 
conditions. 

Let Poe Ah, 
and We = Wo = 0.08071 
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eet 
Then Da= 7.638 (—a:) H— 
v2. L 
Ce 82 
= 7.63 «(4-2) H — 0.1185 [48g a) 83 


Now assuming an outside air temperature of 60 
deg. Fahr., a chimney gas temperature of 600 deg., 
and a coefficient of friction of 0.016, : 

Da — 0.00748 H — 0.0001118 Vs Kn 84 


In equation 84, the first term of the right hand 
member is the theoretical draft reduced to its sim- 
plest form, and the second term the combined loss 
of draft due to velocity and friction also reduced to 
its simplest form, both based on the same operating 
conditions. 


Let hve = 0.0001118 V7a Kn 85 
iy which Ke tee 

Ca 
Then Da = 0.00748 H — hes 86 


Fig. 27 gives the value of h,; for various values 
of V and K,, based on a chimney gas temperature 
of 600 deg. Fahr., a chimney gas density of 0.08071 
Ibs. per cu. ft. at 32 deg. Fahr., coefficient of 
friction of 0.016, standard atmospheric pressure, 
and a circular, octagonal, or square section. 

Fig. 28 gives the available draft of a chimney 
for various values of H and h,;, based on the same 
conditions as noted above, and in addition an out- 
side air temperature of 60 deg. Fahr. 
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Fig. 27. Values of hvt in Equation hvt = .0001118 V*aKn, 
Based on te = 600 deg. F., ‘We = 0.08071, f = 0.016, Po = P 
= 14.7 lbs. per sq. in., and circular, octagonal, or square sec- 

tions, 
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Fig. 28. Available Draft of Chimneys for Various Values of 
H and bys. 
Based on to = 60 deg. F., We = 0.08071, f = 0.016, Po = P 
= 14,7 Ibs. per sq. in., and circular, octagonal, or square sec- 
tions. 
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Based on the volume of the chimney gases, the 
available draft is equal to 


2 
Da = 0.00748 H — 0.0001118 2 Kn 87 


Based on the weight of the chimney gases dis- 
charged, the available draft is equal to 
W': 


Da = 0.00748 H — 0.0798 Ai 


Kn 88 


For a chimney with a circular section, equation 
88 reduces to 
W's 


Da = 0.00748 H — 0.1297 3 


Ka 89 


Equation 89 gives the available draft of a chim- 
ney in its simplest and most convenient form, un- 
der the conditions as assumed and noted. As stated 
heretofore, the first term of the right hand member 
is the theoretical draft reduced to its simplest 
form and the second term, the combined loss due 
to velocity and to friction also reduced to its sim- 
plest form. This equation will now be used as a 
basis for investigating the draft performance of 
a chimney and also for determining the ratio fac- 
tor between the available draft and the theoretical 
draft. 

Assuming, for example, a height (H) of 100 ft. 
Suto tll Fane e 


Da = 0.748 — 0.1297 (1+ <a 90 


Dt 


Table 8 gives the equations for the available 
draft of a chimney for various heights of chinney 
under the specific conditions as assumed and noted 
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TABLE 8 
AVAILABLE DRAFT EQUATIONS FOR VARIOUS HEIGHTS OF 
CHIMMEY 
H Da Equation 
No. 
aia W?a 5.12 
80'0 0.598 — 0.1297 © ( 14 23 91 
et Wr 6.4 
100'0 0.748 — 0.1297 ( ree “*) 90 
S Ws (4, 80 
125’0 0.935 — 0.1297 ( 1+ = ) 92 
150'0 1.122 — 0.1297 + ( 1+ = ) 93 
ste , We 11.2 
1750 1.309 — 0.1297 ( 1443 ) 94 
Waid W’a 12.8 
2000 1.496 — 0.1297 + ( 14% ) 95 
sa Ws 14.4 
225'0 1.683 — 0.1297 + ( 14-4 96 
ch W's 16.0 
250'0 1.870 — 0.1297 2 ( i143 97 
hs Ww, 17.6 
2750 2.057 —0.1297 ( 14 2° 98 
Ti WwW ae 
3000 2.244 — 0.1297 >> ( 14+ =" 99 
2, 20.8 
325'0” 2,431 — 0.1297 “ ( i+ == 100 


3500” 2.618 — 0.1297 D? ( 1+ WAF 101 
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heretofore. Figs. 29 to 36 give the available draft 
of chimneys of various heights (H) for various 
diameters and weights of chimney gases dis- 
charged. These figures are of extreme importance 
and should be used with care and discretion. They 
are based on a circular section of chimney, an out- 
side air temperature of 60 deg. Fahr., a chimney 
gas temperature of 600 deg. Fahr., a chimney gas 
density of 0.08071 Ibs. per cu. ft. at 32 deg. Fahr., 
a coefficient of friction of 0.016, length of duct 
equal to height of chimney (L = H), and standard 
atmospheric pressure (P, = P = 14.7 lbs. per sq. 
iv.) 

Each of these sets of curves follows.the same 
general scheme and shows that the available draft 
is a maximum and is equal to the theoretical draft 
in intensity when no gases are flowing, and also 
that the available draft increases as the diameter 
of the chimney, and decreases as the quantity of 
chimney gases increases. As will be seen later 
when the subject of the ratio factors is taken up, 
the available draft as given by Figs. 29 to 36 varies 
directly as the temperature of the chimney gases 
and the atmospheric pressure, and inversely as the 
temperature of the outside air, the coefficient of 
friction, the length of the duct, and the density of 
the chimney gases. 

In the final analysis, the available draft of a 
chimney should be based only upon the weight of 
the chimney gases discharged by the chimney. The 
actual amount of gases generated in a boiler fur- 
nace is known or can be computed accurately and 
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these gases must of necessity pass on through the 
boiler and then out into the chimney itself. Unless 
there are leakages in the installation, of which 
there is no necessity whatsoever, the amount of 
gases passing up the chimney is the same as the 
amount coming from the boiler. If the available 
draft were based on the velocity of the chimney 
gases, it would be necessary to determine the ve- 
locity of the latter by means of an anemometer, 
but velocities so determined are relative values 
only. It is known that the velocity of the chimney 
gases varies greatly at any cross section of the 
chimney, being greater in the center than near the 
surface of the shaft where the effect of friction is 
greatest, and in order to secure an average value it 
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Fig. 29. Available Draft of Chimneys for H = 80 ft. 
Circular Section 


Based on to =60 deg. F., t-— 600 deg. F., We = 0.08071, 
f—0.016, L—H, and Po = P= 14,7 lbs. per sq. in. 
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Fig. 30. Available Draft of Chimneys for H = 100 ft. 
Circular Section 


Based on to—60 deg. F., te—=600 deg. F.. We = 0.08071, 
£= 0.016, L=H, and Po =P = 147 ibs. per’sq. in: 
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Fig. 31. Available Draft of Chimneys for H = 125 ft. 
Circular Section 


Based on to—60 deg. F., te-—600 deg. F.. We = 0.08071, 
f—O-010.< t= Te eand) Po — P= 14,7, lbs> per sq. in. 
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Fig. 32. Available Draft of Chimneys for H — 150 ft. 
Circular Section 


Based on to=—60 deg. F., te = 600 deg. F., We = 0.08071, 
f= 0.016, Li== Hyand\ Po P 14:7 Ibsaperesde an: 
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Fig. 33. Available Draft of Chimneys for H = 175 ft. 
Circular Section 


Based on to—60 deg. F., t-=600 deg. F.. We = 0.08071, 
f——G:016,, — Hand) Po—— Pi 14-7, lbs, per sq. in. 
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Fig. 34. Available Draft of Chimneys for H = 200 ft. 
Circular Section 


Based on teo—60 deg. F., te = 600 deg. F.. We = 0.08071, 
£=0:016,) Li Band? P>o— P'— 14.7 lbsa perssasane 


Weight of chimney gases discharged in pounds per second 
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Fig. 35. Available Draft of Chimneys for H = 225 ft. 
Circular Section 


Based on to—60 deg. F., te=600 deg. F., We = 0.08071, 
i — 0.0100 He and abo P 14.7 lbs), per, sq. in. 
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Fig. 36. Available Draft of Chimneys for H — 250 ft. 
Circular Section 


Based on to=60 deg. F., t- = 600 deg. F., We = 0.08071, 
f=0.016, L=H, and Po = P= 14,7 Ibs. per sq. in. 
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would be necessary to take simultaneous readings 
at several different points at the same level or 
cross section. In the case of working chimneys and 
those being built at the present day, this would be 
a practical impossibility since no provision is made 
in the shaft for an operation of this character. 
Likewise, if the available draft were based on the 
volume of the chimney gases, it again would be 
necessary to determine the average velocity by 
some mechanical means. 


Example: Determine the available draft of a chim- 
ney 200 ft. high by 10 ft. inside diameter under the 
conditions as assumed in developing equation 95, 
and for the following data: 


Analysis of coal: 79 per cent carbon, 

5 per cent total hydrogen, 
2 per cent oxygen, 
2 per cent nitrogen, 
3 per cent sulphur, 
9 per cent ash. 

G = 1000 square feet of grate surface, 

C, = 25 pounds of coal per square foot of grate 

surface per hour. 


Now the theoretical weight of air required to 
burn one pound of coal is equal to 


0.02 


8 )+ 4.32 X 0.03 = 9.10 


11.52 X 0.79 + 34.56 ( 0.05 — 
+ 164 + 0.13 = 10.87 Ibs. 


The total weight of the products of combustion 
per pound of coal equals 


10.87 + 0.79 + 0.0475 + 0.03 = 11.74 Ibs. 
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The total weight of the products of combustion 


equals 
1000 & 25 & 11.74 = 293,500 Ibs. per hour, 
293,500 _ 
Ws: =-3500— = 81.5 lbs. per second 


Substituting in equation 95 and reducing: 


e (81.5)? ( 12.8 
= 1.496 — 0.1297 aie 
= 1.496 — 0.196 


= 1.300 inches of water. 


The above analysis is based on the actual 
amount of air required. If 50 per cent excess air 
is used, the total weight of the products of com- 
bustion per pound of fuel is equal to 

(10.87 + 5.48) + 0.79 +- 0.0475 + 0.03 = 17.17 Ibs. 


Whence, the total weight of the products of com- 
bustion is equal to 
1000 & 25 & 17.17 = 429,250 Ibs. per hour 


429,250 
or = W = “3600 


= 119.2 lbs. per second. 


Finally, the available draft is equal to 


e = oer ay 
D. = 1.496 — 0.1297 (1 +5 


= 1.496 — 0.420 


= 1.076 inches of water. 


Determine the available draft of a chimney 150 


ft. high by 6 ft. inside diameter under the condi- 
tions aS assumed in developing equation 93, and 


for the following data: 
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Analysis of flue gases: 9.5 per cent CO.,, 
10.7 per cent O, 
0.5 per cent CO, 
79.38 per cent N 
(by difference) 
G = 825 sq. ft. of grate surface, 
Ces= au lbs. of coal per sq. ft. of grate surface per 
our. 
Assume 3.0 per cent sulphur, by weight, 


76.8 per cent total carbon in fuel, by 


weight. 
_ 11 X% 9.5 +8 X 10.7 +7 (0.5 + 79.8) 0.03 
a ( 2 (9.5 +05) ) 0.768 + 758 
ES ( 104.5 + 85.8 + =a) enberatnee 


= 19.19 lbs. of gas per pound of fuel. 


Whence, the total weight of the products of com- 
bustion equals 
S200 20) >< 19519 — 124.375 lbs, per hour 


124,375 


or = =—6W = -3600 


= 34.5 Ibs. per sec. 


Substituting in equation 93 and reducing: 
= (34.5)? 9.6 
Ds = 1.122—0.1291 “7S, (1+%3 ) 


= 1.122 — 0.308 


= 0.814 inches of water. 


After the total weight of the products of com- 
bustion or the amount of gases passing up or dis- 
charged by the chimney, per second, has been 
found, the available draft may be found directly 
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from Fig. 32 for the 150 ft. x 6 ft. chimney, and 
from Fig. 34 for the 200 ft. x 10 ft. chimney. 

Too much attention cannot be drawn to the fact 
that the equations in Table 8 and also the curves 
as shown by Figs. 29 to 36 are based on definite 
and specific operating conditions, and that any 
deviation from these specified conditions will ef- 
fect the intensity of the available draft. All other 
factors or conditions remaining constant, the in- 
tensity of the available draft will decrease if the 
temperature of the outside air increases, increase 
if the temperature of the chimney gases increases, 
increase if the coefficient of friction decreases, de- 
crease if the density of the chimney gases in- 
creases, increase if the length of the duct de- 
creases, and decrease if the atmospheric pressure 
decreases. An inspection of the curves will show 
that the intensity of the available draft will in- 
crease if the height of the chimney increases, in- 
crease if the diameter of the chimney increases, 
and decrease if the weight of the chimney gases 
discharged by the chimney increases. In view of 
the above facts, the equations and curves as noted 
should be used with extreme care if accuracy is 
desired and the proper corrections should be ap- 
plied when and where necessary. 

The usual expression for the available draft of 
a chimney as given by several writers is as fol- 
lows: 


DiS kp pees 102 


in which f = 0.0020 for brick lined chimneys; temperature 
of chimney gases 600 deg. Fahr., 
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== 0.0015 for brick lined chimneys; temperature 
of chimney gases 350 deg. Fahr., 

= 0.0015 for steel chimneys; temperature of 
chimney gases 600 deg. Fahr., 

= 0.0011 for steel chimneys; temperature of 
chimney gases 350 deg. Fahr. 


The symbol f in the above equation does not repre- 
sent the coefficient of friction, but is the product 
of several reduction factors, and is based on stand- 
ard atmospheric pressure. No mention is made, 
however, of the assumed temperature of the out- 
side air, the density of the chimney gases, the 
length of the duct, or the actual coefficient of fric- 
tion. 

Assuming a circular section of chimney and f = 


0.0020: 


Mw 001g 


0 
Dp: 103 


Using the same data as was used in determining 
the available draft in the first example noted here- 
tofore: 


2 
D. = 0.00748 x 200 — 0.013 (81:5) x 200 


(10)* 
= 1.496 — 0.173 
= 1.323 inches of water. 
In the second example: 
2 
. 1 
Da = 0.00748 x 150 — 0.013 (845)" xX 150 


(6)° 
= 1.122 — 0.300 


= 0.822 inches of water. 


The results as obtained from equation 102 corre- 
spond closely with those as obtained from equa- 
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tions 93 and 95. Equations 102 and 103, how- 
ever, are incomplete in that they do not include the 
loss of draft due to velocity and as a consequence 
the results as obtained by these two equations are 
actually less than those obtained by the equations 
given in Table 8. An average result for the loss 
of draft due to friction is 0.10 inches of water as 
given by a chimney gas velocity of 30 ft. per sec. 
and a chimney gas temperature of 600 deg. Fahr. 
In this case then, the results as given by the term 
representing the loss due to friction in equation 
102 are excessive. The loss of draft due to velocity 
cannot be expressed as a relative loss to the loss 
due to friction due to the fact that the height and 
diameter of the chimney affect the latter while 
neither one has an influence on the former. 

Following the idea as expressed by equation 102, 
the equation for the available draft of a chimney 
may be somewhat simplified by separating the 
term representing the loss due to velocity and com- 
bining the term representing the loss due to fric- 
tion with the term for the theoretical draft. From 
equations 18, 51, and 28. 


1 al 
D765, 00 (=: = x) — 0.1185 f 


Varmels We 
T. G, — 0-1185 a 
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Assuming an outside air temperature of 60 deg. 
Fahr., a chimney gas temperature of 600 deg. 
Fahr., a coefficient of friction of 0.016, and a cir- 
cular section, the available draft based on the 
weight of the chimney gases is equal to 
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Weight of chimney gases di 


of 0.001 0.002 0.003 Q004 0.005 0.006 0.007 0.008} 
Valves of K, in inches of water 


W's 
Fig. 37. Values of Ka in Equation Ka — 0.00748 — 0.00826 D> 


Based on to=—60 deg. F., te = 600 deg. F.,. We = 0.08071, 
fi — 10.016 pl wand) Poe P= 14,7, lbs. pergsd.. in. 
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oa W7a 
oe (0.00748 H — 0.00826 ee —o.1297 Y= 105 
If L=H, then 
W's W’. 

De=H ( 0.00748 — 0.00826 ) —o.1297 Y 106 
Barr te be 107 

Me Ws 
in which Ka = 0.00748 — 0.00826 108 


De 


Fig. 37 gives the values for Ka for various val- 
ues of W and D. Values for h, may be found from 
Kigs 18. 


Example: Determine from equation 106, and also 
from Figs. 37 and 18, the available draft for the 
conditions as noted in the first example as given 
heretofore. 


Substituting in equation 106: 


(81. 
(10 


(81.5)? 
(10)° 


2 
Ds = 200 ( 0.00748 — 0.00826 _ ) — 0.1287 
— 200 X 0.00693 — 0.086 
= 1.300 inches of water. 


From Fig. 37, Ka for W = 81.5 and D = 10 ft. is equal to 
0.0069. 


Boe as 18, hy for W = 81.5 and D = 10 ft. is equal to 


Whence Ds = 200 X 0.0069 — 0.08 = 1.30 in. of water. 


CHAPTER V 


REQUIRED DRAFT AND GENERAL DRAFT EQUATION 


Heretofore, in the discussion of draft, the theory 
has been developed on the assumption that the 
chimney stood by itself alone and was not con- 
nected to a boiler. A difference in temperature be- 
tween the hot gases within the chimney and the 
cooler outside air produces a difference in pressure 
which is designated by the term theoretical draft 
and which is a maximum under any condition 
when the gases within the chimney are absolutely . 
motionless. When the gases are flowing freely, 
however, the intensity of the difference in pressure, 
or the theoretical draft, is decreased by the losses 
due to velocity and to friction. This reduced differ- 
ence in pressure is designated by the term available 
draft. Let it now be assumed that the chimney is 
connected directly to a steam boiler and that the 
outside air enters the boiler through the ash-pit 
entrance or air inlet, passes through the grates 
and the fuel bed where the hot gases are formed; 
and the hot gases in turn pass on through the 
boiler, the breeching, the turns in the breeching. 
and finally out into the chimney itself where they 
are carried to the upper regions. 

If, in such an installation, draft observations 
are made along the path of the air und gases be- 
tween the air inlet and the chimney, it will be 
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found that they will become less the farther from 
the chimney they are taken until at the ash-pit 
entrance there will be no perceptible change in the 
reading. These differences in the draft-gauge read- 
ings are due to the retardation of the gases offered 
by the grates, fuel bed, boiler and baffles, breech- 
ing, and turns in the breeching, and represent the 
equivalent pressure or draft necessary to “pull” or 
“push,” as the case may be, the gases past or 
through these obstructions. They are designated 
by the terms “loss of draft,” “loss of pressure,” 
“pressure head,” or “loss of head,” the first being 
the most common of all. 

Figs. 1 and 2 show typical draft-gauge read- 
ings in a steam power plant installation. Draft 
readings may be taken at any point along the path 
of the gases and a loss of draft will be noted be- 
tween any two points. This loss of draft repre- 
sents the difference in pressure required to force 
the air or gases from one point to the other. The 
greatest loss of draft in an average installation is 
that through the fuel bed, and represents the 
amount of draft necessary to force the required 
amount of air necessary for combustion through 
the fuel bed. This loss is measured by taking a 
reading below and another above the fuel bed and 
noting the difference between the two readings. 
The next greatest loss is that through the boiler, 
and this is measured by taking one reading at the 
ash-pit entrance or air inlet and another at the 
breeching entrance, and noting the difference be- 
tween the two. The loss through the breeching is 
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measured by taking a reading at the junction of 
the breeching with the chimney and another at the 
junction of the breeching with the boiler or boil- 
ers, and noting the difference between the two. 
The loss through the breeching includes the loss 
due to the bends in the breeching when an observa- 
tion is made but in making theoretical assump- 
tions a separate value is assigned to each. The 
loss of draft through the chimney itself, due to 
velocity and to friction, is measured by taking a 
reading at the bottom of the breeching opening 
and another at the top of the chimney and noting 
the difference between the two. As stated hereto- 
fore, the loss of draft due to velocity and the loss 
due to friction in the chimney are observed as one 
loss since the two cannot be separated. In theory, 
however, separate calculations are made for each 
loss. 

The sum of all of these various observed losses 
of draft should in no case exceed the theoretical 
draft of the chimney. 


General Draft Equation 


The general equation for draft in a steam boiler 
plant is expressed as follows: 


“Dt — (hv + hr) = hF + hp + her + ht + hd 109 
in which Dt = theoretical draft, : . 
hv = loss of draft due to velocity of the chimney 


gases, Se ; 
h: = loss of draft due to friction of the chimney 


gases, 
hr = loss of draft through the fuel bed, 
hs = loss of draft through the boiler, 
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her — loss of draft through the breeching, 
ht = loss of draft due to turns or bends, 
hp = loss of draft due to damper friction. 


To the above may be added: 
hE= loss of draft through the economizer when 
the latter is not a part of the boiler, or is 
not included in the loss through the boiler, 
ho = loss of draft due to sudden enlargement of 
an opening, or a section. 
All of the above losses of draft are expressed in 


inches of water. 


In equation 109: 


Dt = theoretical draft in inches of water, as before, 

Di— (hvy+ hr) = available draft in inches of water, 
as before, 

hr + hp +hpr +hr +hp = required draft in inches 
of water. 


Loss of Draft through the Fuel Bed 


The loss of draft through the fuel bed, hp, or the 
amount of draft required to effect a given or re- 
quired rate of combustion varies between wide 
limits and represents from 40 to 75 per cent of the 
total loss of draft throughout the entire installa- 
tion. In coal-fired plants, the loss of draft through 
the fuel bed is dependent upon the following fac- 
tors, viz: 

1. Character and condition of the fuel, 

2. Amount of fuel burned per square foot of 

ee surface per hour, or the rate of combus- 

ion 
: Percentage of ash in the fuel, 


. Volume of interstices in the ‘fuel, 
. Thickness of the fuel bed. 


OF ~ 
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There is a certain intensity of draft with which 
the best results will be obtained for each and every 
kind of coal and rate of combustion and this in- 
tensity of draft can be found only by experiment. 
The curves shown in Fig. 38 have been plotted 
from the results of numerous tests and experi- 
ments in actual operation and give the intensity 
of draft necessary to burn properly several kinds 
of coal at various rates of combustion, or the 
amount of draft necessary to force the required 
amount of air through the fuel bed. It will be 
seen that the amount of draft increases as the per- 
centage of volatile matter diminishes and the per- 
centage of fixed carbon increases, being compara- 
tively low for the lower grades of bituminous coals 
and highest for the high grades and small sizes of 
anthracites. Also, when the interstices of the coal 
are large and the particles of coal are not well 
broken up, as with the bituminous coals, much 
less draft is required than when the particles are 
small and are well broken up as with the bitumi- 
nous slack and the small sizes of anthracites. 

In general, the loss of draft through the fuel 
bed increases as follows: 

1. The percentage of volatile matter diminishes, 

2. The percentage of fixed carbon increases, 

8. The thickness of the fire increases, 


4. The percentage of the ash increases, 
5. The volume of the interstices diminish. 


Insufficient draft will cause the coal to accumu- 
late on the grates, the result being a dead and 
smoky fire and consequently poor combustion. If 
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there is an excess of draft, the fuel will be rapidly 
consumed on parts of the grate, thus leaving the 
fire thin in spots and resulting in losses due to an 
excess of air. It is therefore of great importance 
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Fig. 38. Draft Required at Different Rates of Combustion for 
Various Kinds of Coal. 


° 


that the draft be regulated properly for every kind 
of coal. 

Specific requirements for the amount of draft 
necessary to burn the various kinds and grades of 
coal at various rates of combustion in stoker-fired 
installations should be obtained from the stoker 
manufacturer. 

A thorough analysis should be made of the coal 
that is expected to be burned so that proper as- 
sumptions may be made as to the amount of draft 
required. Under ordinary conditions, 0.01 inches 
of water natural draft is equivalent to about eight 
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feet of height of the chimney. A difference of one 
or two tenths inches of water in the assumption of 
the loss of draft through the fuel bed might mean 
the loss of several feet of chimney that is required. 
It is quite likely that much of the trouble in opera- 
tion in some plants may be traced to the fact that 
wrong assumptions have been made as to the loss 
through the fuel bed. Of all the factors entering 
into the loss of draft through the installation, that 
through the fuel bed is the only one which cannot 
be accurately determined beforehand, unless the 
kind of coal which is to be burned is known. 

In making the preliminary assumption for the 
loss of draft through the fuel bed, due allowances 
should be made for a variation in the grade of fuel 
to be burned and also in the rate of combustion. 
For example, assume that the coal to be burned is 
a low grade bituminous mine-run and that the rate 
of combustion is 25 lbs. per sq. ft. of grate surface 
per hour. In this case, the draft loss through the 
fuel bed is equal to 0.25 inches of water as given 
by Fig. 38. Now, when the coal is changed to a 
high grade semi-bituminous slack with the same 
rate of combustion, the loss of draft will be equal 
to 0.35 inches of water, or more than 40 per cent 
more than the former. 

Again, assume a semi-bituminous mine-run coal 
with a rate of combustion of 20 lbs. per sq. ft. of 
grate surface per hour. The loss of draft in this 
case is equal to 0.27 inches of water. Assuming that 
the same grade of coal is used, but that the rate of 
combustion is increased to 35 lbs. per sq. ft. of 
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grate surface per hour, the loss of draft will be 
equal to 0.55 inches of water, or about 57 per cent 
more than the former. 

It is usually better to have too much draft than 
an insufficient amount, but this is not always true. 
The draft may be sufficient for a certain kind of 
coal but insufficient for another kind, as noted 
heretofore. If there is an excess of draft, it may 
be controlled by means of a damper, but if there 
is an insufficient amount nothing can be done to 
increase it except to increase the height of the 
chimney—which is seldom possible—or to pro- 
vide more pressure by means of a fan. Both in this 
particular case, are makeshifts. 

In powdered-fuel and oil-fired installations, 
there will be no loss of draft through the fuel bed 
and consequently this factor can be neglected. All 
other things being equal, the height of the chimney 
in installations of this character will be less than 
the height of the chimney for coal-fired installa- 
tions. 


Loss of Draft through the Boiler 


The loss of draft through the boiler, hp, also 
varies between wide limits and depends upon the 
following factors: 


. Type of boiler, 

. Size of boiler, 

. Rate of operation, 

. Arrangement of tubes, 
. Arrangement of baffles, 


OP WH 
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6. Type of grate, 

7. Design of brickwork setting, 

8. Excess air admitted, 

9. Location of entrance into breeching. 


Curves showing the loss of draft through the 
boiler are based on the load, or quantity of gases 
passing through the boiler, expressed in terms of 
percentage of the ordinary rating, or rate of oper- 
ation. Owing to the large number of boilers of 
different designs and the great variety of baffle 
arrangements, it is impossible to give a set of 
curves for the loss of draft through the boiler 
which can be used generally. It is therefore advis- 
able to secure this information from the manufac- 
turer of the particular type of boiler and baffle 
arrangement under consideration. Fig. 39 gives 
a few curves showing the loss of draft through 
several makes of boilers at various ratings. These 
curves should be used only in preliminary assump- 
tions and calculations, since they may represent 
values far from the actual loss of draft through 
the boiler which will actually be used. 

It is extremely important that accurate and re- 
liable information be obtained on the loss of draft 
through the-boiler. After the type of boiler to be 
used and also the maximum rate at which it will 
be operated have been decided upon, a value of the 
loss. of draft through the boiler should be selected 
which will represent the maximum loss when the 
boiler is operated at the maximum rate of opera- 
tion. For example, if the loss of draft through a 
boiler is 0.40 inches of water when it is operated 
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at its normal rating and 0.70 inches of water when 
it is operated at 250 per cent of its rated capacity, 
the latter figure should be used as the loss of draft 
through the boiler. It is assumed, of course, that 
250 per cent represents the maximum rate at 
which the boiler will ever be operated. In case the 
boiler is to be operated at a still higher rate, the 
loss of draft then will be still greater. This factor 
is of extreme importance, as many mistakes have 
been made by assuming the loss of draft through 


Loss of draft through the boiler in inches of water 
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Fig. 39. Loss of Draft through the Boiler. 


A—4 pass, vertical baffle, 14 tubes high. 
B—5 pass, vertical baffle, 16 tubes high. 
C—4 pass, diagonal baffle, 14 tubes high. 
D—3 pass, vertical baffle, 16 tubes high. 
E—3 pass, vertical baffle, 14 tubes high. 
F—3 pass, vertical baffle, 12 tubes high. 
G—3 pass, diagonal baffle, 14 tubes high. 
H—3 pass diagonal baffle, 16 tubes high. 
I—3 pass, diagonal baffle, 18 tubes high. 
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the boiler at a figure which represents the loss 
when the boiler is operated at only its normal rat- 
ing. 

When a boiler is installed and in operation, the 
loss of draft depends upon the amount of gases 
flowing through the boiler. This in turn depends 
upon the proportion of excess air admitted for 
combustion. The amount of excess air is measured 
by the CO, content in the gases; the less the 
amount of CO., the greater the amount of excess 
air, and hence the greater the loss of draft through 
the boiler. 

If the proportion of excess air and the tempera- 
ture of the flue gases remain constant, the loss of 
draft through the boiler will vary as the square 
of the velocity of the gases, or as the square of the 
load, so that at 200 per cent of rating, for example, 
the loss of draft will be four times the loss at 100 
per cent of rating. With natural draft, however, 
the loss will sometimes increase faster than as the 
square of the load or rating, since the proportion 
of excess air increases with the increased vacuum 
in the combustion chamber. With forced draft, on 
the other hand, the proportion of excess air is 
much less and consequently the loss of draft will 
increase at a lower rate than the square of the 
rating. : 

The loss of draft through the boiler will vary 
directly as the size of the boiler and the length of 
the gas passages within. The loss also varies as 
the number of tubes high but not in a direct ratio, 
inasmuch as the loss due to the reversal of flow 
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at the ends of the baffles remains constant regard- 
less of the height of the boiler. The arrangement 
of the tubes, whether the gases flow parallel with, 
or at right angles to, the tubes, has an appreciable 
effect. The arrangement of the baffles influences 
the loss greatly, the loss of draft through a boiler 
with five passes being greater than the loss 
through one of four passes. A poor design and a 
rough condition of the brickwork will increase the 
loss greatly, whereas a proper design and a smooth 
condition of the brickwork will decrease the loss. 
The loss through the boiler will be less when the 
breeching entrance is located at or near the top 
of the boiler than when it is located at or near the 
bottom since the gases have a shorter distance to 
travel in the former case. 


Loss of Draft through the Breeching 


The loss of draft through the breeching, or the 
loss due to friction between the flue gases and the 
interior walls of the breeching, hp,, may be deter- 
mined from equation 51: 
ete fl 


V 
hpr = 0.10 £ We Po Te Cx 
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In which hpr=loss of draft through the breeching in 
inches of water 
1= length of breeching in feet 
Cor = hydraulic radius of section 


Since Cor = 4 


Tac 
Then hgr = 0.10 f We Po ea V'a iit 
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Most breechings are built rectangular in section. 
Whence, for a rectangular section: 
goes A Der He 
ae OC aes 2 ene) 


in which Dvr = width of breeching in feet, 
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H»r = height of breeching in feet. 


It is quite convenient to express the relation be- 
tween the height and width of the breeching in the 
form of a ratio. For example, for a breeching with 
a height equal to twice the width, the relation is 
expressed as a ratio of sides of 2:1; for a height 
equal to three times the width, 3:1; and so on. 
Most breechings are built with a height equal to 
twice the width and in this case since 


Hor = 2 Dor 
_. Dor < 2, Dor is Dor 
oe 7 2(Daueba). nas 113 
Substituting in equation 110 and reducing: 
Wen al 
hpr = 0.30 f We Po T. Di 114 


Since the inside surface of all breechings, in 
time, becomes covered with a coat of soot, the 
value of f doubtless is the same as that for chim- 
neys and for P, =P=14.7 and W. = 0.08071: 

Vea vel 


hpr = 0.00568 —- 


he 115 
c br 


Based on the volume of flue gases passing 
through the breeching, equation 110 becomes 


Oe See 116 
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Based on the weight of the flue gases passing 
through the breeching, equation 110 becomes 


W*. Tel C 


hpr = 0.0000893 f P. A? We 
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For f = 0.016, W. = 0.08071, P, = P = 14.7 and 
1 = 1 foot, equation 110, for a 2:1 rectangular 
section becomes: 


D*vr 


hpr = 0.000955 118 


Equation 118 gives the loss of draft through the 
breeching per foot of duct in its simplest form, 
and is based on a flue gas temperature of 600 
degrees Fahr., a flue gas density of 0.08071 
pounds per cu. ft. at 32 deg. Fahr., coefficient of 
friction of 0.016, standard atmospheric pressure, 
and ratio of sides of 2:1. Fig. 40 gives the loss of 
draft through the breeching per foot of duct for 
various values of W, and D,,, based on the assump-. 
tions noted above. 

The ratio factor for a variation in the atmos- 
pheric pressure is given by Fig. 19, for a variation 
in the density of the chimney gases by Fig. 15, for 
a variation in the coefficient of friction by Fig. 
22, and for a variation in the temperature of the 
chimney gases by Fig. 17. 

If the density of the chimney gases is equal to 
0.0855 pounds per cu. ft. at 32 deg. Fahr.,-equation 
118 becomes 


W?a 


hBr = 0.001 Di. 119 
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Fig. 40. Loss of Draft through the Breeching 
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her = 0.000955 = 
Based on to—600 deg. F.. We = 0.08071, f = 0.016, 
Po = P =14.7 lbs. per sq. in., and ratio of sides 2:1 
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In general, assuming a coefficient of friction of 
0.016 and a chimney gas temperature of 600 deg. 
Fahr., equation:110 becomes 


Wa 1 
her = 0.001274 Ki Cae 


W221C 
I 
Whence, the loss of draft through the breeching 

per foot of duct is equal to 

hsBr = Kor W’a A2E 


= 0.001274 120 


in which K,, = a constant depending upon the ra- 
tio of sides 
or Kor = 0.001274 = 122 
A 
Table 9 gives the value of K,, for various ratio 
of sides. 


Size and Shape of Breechings 


The size and shape of breechings are of great 
importance in a steam plant since many draft trou- 
bles may be traced directly to improper designs of 
this connection. As will be seen later on, a breech- 
ing with a circular cross-section has the least rela- 
tive draft loss but a circular breeching is ordi- 
narily more costly than a square or rectangular 
cross-section, and besides many difficulties are en- 
countered where it connects with the shaft of the 
chimney, more especially in small chimneys. A 
circular breeching takes up considerable room and 
in most plants available space for breechings is at 
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a premium. Square breechings also take up con- 
siderable horizontal space and likewise are ordi- 
narily difficult to connect with the shaft. 

Most breechings are therefore made rectangular 
in cross-section with the height equal to twice the 
width, or about this general proportion. This 
shape requires the least relative horizontal space 
in the plant and moreover has the added advantage 
of being able to enter the shaft of most chimneys 
without inducing complications in regard to the 
breeching opening. 

When an opening is cut into the walls of a 
masonry chimney, considerable area of a cross- 
section through the opening is cut away, and un- 
less something is done to strengthen the shaft 
around this region, the structure is considerably 
weakened as a consequence. Accordingly, pilasters 
are built on each side of the breeching-opening to 
compensate the masonry taken away, the size of 
the pilasters depending upon the amount of ma- 
sonry taken away; but, at any rate, the cross- 
sectional area of the pilasters should equal the 
cross-sectional area of the opening or the part 
taken away. It is obvious then that the width of 
the opening should be as narrow as possible and 
this accounts for the fact that most breechings are 
made rectangular in section. Of course, the breech- 
ing could be developed from a rectangular section 
at the breeching entrance of the chimney to any 
other shape desired between this region and the 
boiler, but this procedure would incur considerable 
expense which would not be warranted by the sav- 
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ing in the additional height to the chimney re- 
quired. The above remarks also apply to steel 
chimneys in a general way, but the adverse condi- 
tions are not so pronounced. 

Table 10 gives the size of rectangular sections of 
breechings entering the shaft of chimneys of vari- 
-ous diameters, all based on a ratio of sides of 2:1. 
The area of the breeching, of course, increases as 
the number of boilers connected to it increases, the 
maximum area being over the boiler nearest the 
chimney, and the same area continuing from 
thence to the chimney. Since the breeching must 
convey the same amount of gases as the chimney, 
it follows that the area of the breeching at its 
greatest section must be at least as great as the 
area of the chimney. When breechings of a circu- 
lar section are used, the areas are made the same. 
In the case of rectangular sections, however, the 
area is usually increased over that of the chimney 
to allow for possible dead air spaces in the cor- 
ners, etc. The Table gives the size of rectangular 
openings for three different areas for each diam- 
eter, the actual area, the actual area increased by 
ten per cent, and the actual area increased by 
twenty per cent. The area of breechings of small 
chimneys is usually twenty per cent greater than 
the area of the chimney. This is done, not only 
to allow for possible dead air spaces in the corners, 
but also to provide a much wider opening than 
would otherwise be possible. The area of breech- 
ings entering the shaft of large chimneys is usually 
ten per cent greater than the area of the chimney. 
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TABLE 10° 


SIZES OF RECTANGULAR BREECHINGS FOR RATIO OF 


SIDES OF 2:1 


D 
3/0” 
3/6" 


4’0” 
4/6” 


5/0” 
5/6" 


6/0” 
66" 


70" 
7'6" 


8/0” 
86" 


9’0” 
9/6” 


10’0” 
10'6” 


11'0” 
11/6” 


12'0” 
12'6” 


13’0” 
13’6” 


14/0” 
14'6” 


15’0” 
15'6” 


16/0” 
166” 


17/0” 
176" 


18’0” 
13’6” 


19/0” 
19'6” 


20'0” 


95 
103. 
113). 
122. 


132. 
143. 


153. 
165. 


176. 
188. 


201. 
213, 


227. 
240. 


254. 
268. 


283. 
298. 


314, 
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The relative loss of draft through the breechings 
for various sections is given by Table 9. Fig. 41 
shows these results graphically. The equations in 
the fifth column give the loss of draft through the 
breeching per foot of duct per sq. ft. area of sec- 
tion, based on a chimney gas temperature of 600 
deg. Fahr., a chimney gas density of 0.08071 lbs. 
per cu. ft. at 32 deg. Fahr., a coefficient of friction 
of 0.016, and standard atmospheric pressure. For 
the same cross-sectional area, the relative loss of 
draft is least through a breeching with a circular 
section and greatest through a breeching with a 


oo oo0000t 


Relative loss of draft 
& 


7 we a) eh aye Sah ORs AL as Beh $1 6: 
1 Ratio of sides 


Fig. 41. Relative Loss of Draft for Various Sections of 
Breeching 


Based on te = 600 deg. F., We = 0.08071, f = 0.016, and 
Po= P= 14,7 Ibs. per sq. in. 
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rectangular section. Based on the same cross- 
sectional area, the loss of draft through a breech- 
ing with a square section is 13 per cent greater 
and through a breeching with a rectangular sec- 
tion with a ratio of sides of 2:1, 19 per cent 
greater, than that through a breeching with a cir- 
cular section. The relative loss of draft increases 
as the ratio of sides increases, or as the width of 
the breeching decreases, all other conditions re- 
maining the same. 

While the area of the breeching is determined 
by the amount of gases passing through it, the re- 
sult should be checked by comparing it with the 
minimum area of the chimney. The greatest area 
of the breeching should be at least as large as, but 
preferably greater than, the minimum area of the 
chimney itself. 

Breechings should always be as short as pos- 
sible. Overhead breechings are more preferable 
than underground breechings. The bends in the 
breeching should have as wide a sweep as possible. 
The corners of the connection on the inside, espe- 
cially the one on the side of the direction of flow of 
the gases, should be rounded in order to decrease 
the frictional loss and also to prevent eddies. 


Application of Equation and Accuracy of 
Results 


In determining the loss of draft through the 
breeching from equation 117, due allowances should 
be made for certain factors which affect the loss 
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but which cannot be taken into account in the 
equation. The equation is based on the theory 
that the breeching from the farthest boiler to the 
chimney has the same perimeter and area through- 
out. Such, however, as a rule, is not the case. Ex- 
cept in the case of small breechings, the area is 
least over the boiler farthest from the chimney and 
gradually increases until it is greatest over the 
boiler nearest the chimney. This area is then main- 
tained from thence to the chimney. The ratio of 
sides, in the case of a breeching with a rectangular 
section, is greatest over the boiler nearest the 
chimney and least over the boiler farthest from the 
chimney. For convenience, however, in applying 
the equation, the section assumed is that with the 
greatest area. 

Since the breeching usually connects with sev- 
eral boilers, disturbances in the flow of gases are 
caused by successive boilers discharging their 
gases into the duct. Unless the area at every 
cross-section is amply large, the gases coming 
from any boiler will tend to retard and obstruct 
the gases coming from the boilers behind it, there- 
by tending to produce a back pressure. If the 
actual area is greater than the required area, this 
adverse condition will not be so pronounced. 

The usual method of determining or estimating 
the loss of draft through the breeching is to as- 
sume a loss of 0.10 inches of water for each 50 
feet of straight breeching, regardless of the size 
or width of the breeching, or the amount of gases 
passing through it. While this method may be 
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sufficiently accurate for preliminary investiga- 
tions, an accurate determination of the loss should 
be made in the final analysis. In large breechings, 
the loss often is considerably less than the above 
figure, while in small size breechings, especially 
those with a narrow width, the loss is considerably 
greater than the amount noted. 


Loss of Draft Due to Turns or Bends 


The loss of draft due to turns or bends in the 
breeching may be computed from the following 
equation: 


Vite 
hr = 0.10 We Po Tt 123 


Based on the weight of gases flowing 
W7': T. 


hr = 0.0000898 > arW- 124 


This equation gives the loss for one right-angle 
turn. In addition to the turns in the breeching, it is 
necessary to include the turns made when the gases 
pass from the boiler into the breeching and also 
from the breeching into the chimney. 


Loss of Draft Due to Damper Friction 


The loss of draft due to damper friction is ar- 
bitrarily regulated by the operator, by opening and 
closing the damper to regulate the intensity of 
draft. The minimum loss of draft due to damper 
friction, when the damper is wide open, is ordi- 
narily included in the loss through the boiler. 
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When the boilers are operated at high ratings, 
however, the areas of gas passages through the 
damper are often inadequate and in this case there 
will be a restriction and a back pressure. Often- 
times, in badly designed plants, the damper is lo- 
cated at an ill-advised place where it will interfere 
with a free flow of the gases even when it is wide 
open, and the loss of draft may amount to as much 
as 0.20 to 0.30 inches of water. 


Loss of Draft through the Economizer 


An economizer in a steam plant affects the draft 
in a two-fold manner, viz: 

1. It offers a resistance to the flow of the gases, 

2. It lowers the average temperature of the 


chimney gases and thereby decreases the 
draft. 


Both of the above factors result in an increase 
in the height of the chimney, and in large plants 
this may amount to as much as 10 to 15 feet addi- 
tional. 

The loss of draft due to the resistance offered by 
the tubes of the economizer varies as the length 
of the tubes and as the square of the velocity of 
the flue gases. As an average figure for general 
purposes, the loss may be assumed at 0.25 inches 
of water for normal rating. The resistance, of 
course, increases as the rating of the boilers. The 
loss of draft also varies with the design of the 
economizer and such data should be obtained from 
the manufacturer. The loss through the econo- 
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mizer may be computed from the following equa- 
tion: 
6.606 


ins (i0)2 WN Te 125 


in which W = weight of flue gases in pounds per hour di- 
vided by the number of lineal feet of pipe 
in each section, 


and N=number of economizer sections. 


The decrease in the temperature of the flue 
gases after they have passed through the 
economizer has an extremely important effect on 
the intensity of the draft. Under average oper- 
ating conditions, a flue gas with an initial tem- 
perature of say 600 deg. Fahr. will be reduced to 
a temperature of 300 deg. Fahr. to 350 deg. Fahr. 
after passing through the economizer. Referring 
to Table 2, it will be seen that for an outside tem- 
perature of 60 deg. Fahr., the theoretical draft 
will be reduced about 38 per cent when the tem- 
perature of the chimney gases is lowered from 600 
deg. to 300 deg. Fahr. 


Loss of Draft Due to Sudden Enlargement 
of an Opening 


In a breeching and also in a chimney, there often 
come times when it is necessary to suddenly en- 
large the section through which the gases have 
been flowing. This results in a drop of pressure 
which may be computed from the following equa- 
tion: 
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2 We 
ho = 0.10 We Po ves Te : 126 


in which V: = initial velocity in feet per second, 


V:t=final velocity in feet per second. 


For a chimney gas temperature of 600 deg. 
Fahr., the loss due to the sudden enlargement of 
the opening when the velocity of the gases has 
been decreased from 30 to 25 ft. per second, for 
example, will amount to about 0.03 in. of water. 
It is often necessary to suddenly increase the area 
or size of the breeching to accommodate a larger 
boiler. Likewise, in a chimney, there is often a 
sudden enlargement of the opening at the top of 
the lining. In either case, the increase in the size 
of the opening must be sufficient to appreciably 
lower the velocity of the gases. 


Example: Determine the required draft for a 
chimney from the following data: 
Fuel. Character of fuel, semi-bituminous, 


Rate of combustion, 25 lbs. of coal per sq. 
ft. of grate surface per hour. 


Boiler. Type, 3 pass vertical baffle, 12 tubes high, 
Rate of operation, 250 per cent of its nor- 
mal rating. 


Breeching. Shape, rectangular with ratio of sides of 


2:1, 

Length of breeching, 50 feet, 

Width of breeching, 6 feet, y 

Weight of flue gases passing in lbs. per 


second, 130. 
Turns. One right angle turn in the breeching. 
From Fig. 38, the loss through the 
Tire lp bedeeane a. haleieaie cele oe» = 0.35 inches of water 


From Fig. 39, the loss through the ‘ 
DOUICT MMs tere ate 6 a5) s se ses eS 6! ae = 0.70 inches of water 
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From Fig. 40, the loss through the 


breeching = 0.0002 x 50 .... =0.10 inches of water 
Loss due to one turn in the breech- 

ing PW AVE eae ele oe OO 
Total loss, or required draft .... =1.20 inches of water 


In the above example, if the boiler is changed 
to a 4 pass vertical baffle 14 tubes high with a rat- 
ing of 225 per cent, the loss of draft through the 
boiler will equal 0.85 inches of water and the re- 
quired draft will equal 1.35 inches of water. 

If the breeching is changed to a circular section 
with the same area, the loss through the breeching 
will be equal to 0.84 « 0.10 = 0.08 inches of water 
and the required draft will be 1.18 inches of water. 

If the rate of combustion is increased to 30 lbs. 
of coal per sq. ft. of grate surface per hour, the 
loss through the fuel bed will be equal to 0.47 
inches of water and the required draft will be 
equal to 1.32 inches of water. 


Conditions Affecting the Draft Equations 


It should be noted in particular that the equa- 
tions deduced for the theoretical and the available 
draft of a chimney are purely theoretical equa- 
tions and give results which are correct only when 
proper assumptions and correct observations have 
been made. Most of the constants in the various 
equations have been fairly well established, and 
if the required observations have been correctly 
made, the available draft as given by the equations 
should accord closely with the actual draft as in- 


REQUIRED DRAFT AND GENERAL DRAFT EQUATION 131 


dicated by a draft-gauge. In actual practice, how- 
ever, the results are often altered by several fac- 
tors which are more or less beyond control, or 
which cannot be expressed in numerical terms. 
The most important of these are as follows: 


. Non-uniform chimney gas temperature and 
temperature drop of chimney gases. 

. Strong winds. 

. Heated column of air and gases above top of 
chimney. 

. Mechanical construction of the top of the 
chimney. 

. Surrounding hills and buildings. 

. Composition of the chimney gases. 

. Humidity of the atmosphere. 

. Leakages. 


anon -, WH HF 


Due to the fact that none of the above factors 
can be expressed in numerical terms, they of 
course cannot be taken into consideration in the 
various draft equations. They tend to. neutralize 
one another however, and it is unlikely that the 
theoretical or the available draft will be seriously 
affected by any one or several of these factors ex- 
cept in isolated instances. 


° 


Effect on the Draft of Non-uniform Chimney Gas 
Temperature and Temperature Drop of 
Chimney Gases 


It is an established fact that the gases in con- 
tact with the inside walls of a chimney are of a 
lower temperature than those in the center and 
also that the gases issuing at the top of the chim- 
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ney are cooler than those entering at the bottom. 
This non-uniformity of temperature and tempera- 
ture drop are due to two conditions, viz: 


1. Radiation through the walls of the chimney, 
2. Cooling action of the walls of the chimney. 


There is, in effect, a core of hot gases passing 

up through a surrounding region of cooler gases 

whose velocity is decreased by the friction against 

the walls of the chimney and also by the lowered 

temperature. This temperature drop varies ac- 

cording to the following: 

. Thickness of the walls of the chimney. 

. Character of the walls of the chimney. 

. Initial temperature of the chimney gases. 

. Velocity of the chimney gases. 

. Height of the chimney. 

. Height of air-space between the lining and 
the wall of the chimney, and, incidentally, the 
height of the lining. 


aor whyre 


In unlined steel chimneys, the radiation is usual- 
ly considerable but the cooling action of the walls 
of the shaft, or steel shell, is practically negligible 
due to the fact that the steel shell, being a good 
conductor of heat, is always warm. In brick lined 
steel, brick, and reinforced concrete chimneys 
there is very little radiation due to the thick walls 
of the shaft, but the cooling action of the walls is 
of some consequence. In the latter case, the inside 
surface of the walls of the chimney may be quite 
hot while at the same time the outside surface is 
quite cool. The thinner the walls of the shaft, the 
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greater is the radiation and the less the cooling ac- 
tion, and vice versa. 

The lower the velocity of the chimney gases, the 
longer the chimney gases are in contact with the 
walls of the shaft and the greater the tempera- 
ture drop due to radiation and the cooling action. 
On the contrary, with a high chimney gas velocity, 
the gases are inside the chimney for such a short 
interval of time that they do not have time to cool 
appreciably. The higher the chimney, the longer 
the gases are in contact with the chimney walls 
and in confinement, and the greater the tempera- 
ture drop. The higher the lining, the less is the 
temperature drop of the chimney gases due to the 
fact that the lining itself and the air-space be- 
tween the lining and the wall of the shaft add to 
the effective thickness of the chimney wall, thereby 
diminishing radiation and lessening the cooling 
action of the walls of the shaft. The temperature 
drop is of more consequence when the temperature 
of the gases entering the shaft is low than when it 
is high. Referring to Chapter II, it will be noted 
that when the chimney gas temperature is lowered 
from 600 deg. Fahr. to 500 deg. Fahr. for an out- 
side air temperature of 60 deg. Fahr., for example, 
the ‘theoretical draft will be decreased about 10 
per cent, but when the chimney gas temperature is 
lowered from 1,100 to 1,000 deg. Fahr., the de- 
crease will amount to only about 3.4 per cent. 

Due to the great variation in the several factors 
noted above, it is practically impossible to give 
even an average figure for the temperature drop 
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of the chimney gases. It has been assumed by 
some authorities that in steel chimneys, the tem- 
perature drop will average about 1 deg. Fahr. per 
ft. of height of chimney, while in brick lined, brick, 
and reinforced concrete chimneys, the tempera- 
ture drop will be from 25 to 50 per cent of this 
figure. 

When calculating the draft of a chimney, the 
average chimney gas temperature is used in de- 
termining the difference in pressure. The average 
chimney gas temperature should be observed by a 
good pyrometer and should be ascertained in no 
other manner. As stated before, the theoretical 
draft of a chimney is dependent upon the differ- 
ence in temperature between the outside air and 
the chimney gases and since the temperature of 
the outside air can be observed accurately, the ac- 
curacy of the preliminary calculations is depend- 
ent upon the accuracy with which the temperature 
of the chimney gases is observed. 


Effect of Strong Winds on the Draft 


Strong winds sometimes prevent an easy egress 
of the gases by blowing them away from a vertical 
course and against the inside of the shaft at the 
top, thereby flattening the escaping column of 
gases and acting partially as a damper. Often, 
_ downward eddies are formed on the inside. This 
results in a back pressure and will tend to dimin- 
ish the effective pressure, especially if the velocity 
of the wind is greater than the velocity of the 
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escaping column of gases. Chimneys with large 
diameters at the top are more easily affected than 
those with small or medium-size diameters. 

On the other hand, winds may in some instances 
actually increase the intensity of the draft by pro- 
ducing an upward effect and thereby increasing 
the velocity of the escaping gases. Strong winds, 
when blowing from the right quarter, often ma- 
terially increase the pressure at the furnace en- 
trance and thereby increase the draft. A wind 
from the opposite quarter may have a reverse ef- 
fect. 


Effect on the Draft of the Heated Column of Air 
and Chimney Gases above the Top of 
the Chimney 


In a quiet and undisturbed atmosphere with no 
wind blowing, the issuing gases will often be seen 
to take a distinctly vertical course for several feet 
above the top of the chimney before dissipating 
themselves. This is especially noticeable on cool 
and frosty mornings in the autumn and winter and 
also during the summer evenings when the tem- 
perature of the atmosphere is slowing falling and 
the air is perfectly quiet. This phenomenon often 
results in a very noticeable increase in the inten- 
sity of the draft and is due to the fact that the sur- 
rounding atmosphere, being denser than the chim- 
ney gases, acts in effect as an increase in the height 
of the chimney. 
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Effect on the Draft of the Mechanical Construction 
of the Top of the Chimney 


The mechanical construction of the top of the 
chimney may have an appreciable effect on the in- 
tensity of the draft, especially when a strong wind 
blows. In designing the head of a chimney, the 
aim should be to force the gases upwards by direct- 
ing them in an upward course as shown in Fig. 
42, rather than to allow the wind to blow directly 


) 
across the top or even to produce downward eddies 
as shown in Fig. 43. The head of the chimney 
should have a projection or corbelling a foot or so 
below the top in order to give the wind an upward 
direction. The top should be flat and not rounded, 
as Shown in Fig. 44, otherwise the wind may start 


eddies at the top with a downward course and pro- 
duce a back pressure. 


. 


Fig. 42 Fig. 43 Fig. 44 
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Effect on the Draft of Surrounding Hills and 
Buildings 


The proximity to the chimney of tall buildings 
or hills may have an effect on the draft of an ap- 
preciable amount. Tall buildings often produce 
complex wind currents with both upward and 
downward eddies, the former aiding and the lat- 
ter hindering the draft. In large cities, where 
building space is at a premium and it is impossible 
to build an isolated chimney for the heating plant 
of a large building, the chimney is either built in 
the corner of the building on the inside or is an- 
chored to the building itself on the outside. This 
often results in a much higher chimney than is 
actually necessary with a consequent excess of 
draft. If the chimney is located in a “pocket” or 
is surrounded by hills or bluffs, the draft is less 
liable to be affected by winds than if it stands out 
in an open prairie or on top of a high hill. 


Effect on the Draft of the Composition of the 
Chimney Gases 


As discussed in a previous section, the intensity 
of the draft decreases as the density of the chim- 
ney gases increases, all other factors or conditions 
remaining constant. Ordinarily the density of 
the chimney gases depends upon their composition 
as, well as upon their temperature. The composi- 
tion of the chimney gases may have an indirect 
effect upon the draft, especially when they are 
heavily laden with foreign particles or matter 
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such as soot, ashes, carbon particles, etc. These 
foreign particles doubtless decrease the draft by 
increasing the friction between the gases and the 
wall of the shaft. It is often necessary to place 
soot collectors inside the chimney and these pro- 
vide additional resistance to the flow of the gases. 


Effect of Humidity on the Draft 


The humidity of the atmosphere always affects 
the draft to an appreciable extent, but in a man- 
ner which is difficult to express in numerical 
terms. When the air is heavily laden with mois- 
ture, the draft is sluggish because the air, being 
much heavier than the escaping column of chimney 
gases, bears down heavily upon the latter and acts 
in effect as a damper. It is difficult for the escap- 
ing gases to pierce the moisture laden air, and 
additional frictional resistance is thus created. 


Effect of Leakages on the Draft 


The effect of leakages on the draft is uncertain. 
Infiltrating air in the chimney certainly tends to 
lower the temperature of the chimney gases and 
thereby decreases the draft. The effect is perhaps 
more pronounced when the velocity of the chimney 
gases is high as the air will then be sucked in at 
a greater rate than if the velocity is low. Most of 
the leakages come from around the breeching 
opening and are due to improper fitting or pack- 
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ing. Cracks and vents in the shaft of the chimney 
are due to carelessness in construction and are un- 


called for. In case cracks appear, they should be 
repaired immediately. 


CHAPTER VI 


THE HEIGHT OF THE CHIMNEY 


The ultimate purpose or object of a detailed 
analysis of the draft losses throughout a steam 
boiler plant installation is to provide data for de- 
termining the required height of the chimney. The 
required height of the chimney is always measured 
from the level of the grates regardless of the loca- 
tion of the breeching opening even though the lat- 
ter, for instance, is located some distance up the 
shaft. Oftentimes the grate level is much higher 
than the ground level but the shaft of the chimney 
must, of necessity, extend at least to the latter 
datum plane. The total length of the shaft, that is 
to say, the height above the top of the foundation 
is called the actual height. All vertical passes in 
the boiler and the breeching are considered, in 
effect, as a part of the required height of the chim- 
ney, the only difference being that the gases are 
flowing in the boiler and the breeching instead of 
in the chimney. The greater the length of the verti- 
cal passes, the greater is the chimney ,action. 

From equation 22: 


———— 127 
For a chimney gas density of 0.08071 Ibs. per cu. 


ft. at 32 deg. Fahr. and standard atmospheric 
pressure: 
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Hence H= ———__- 128 


Fig. 45 gives the theoretical height of a chimney 
for various values of theoretical draft, D,., and 
chimney gas temperature, t., based on an outside 
air temperature of 60 deg. Fahr. The theoretical 
height of a chimney is equal to the required height 
when the theoretical draft is equal to the sum of 
all the losses of draft throughout the installation. 


Example: Determine the theoretical height of a 
chimney which will produce a theoretical draft of 
1.50 inches of water with an outside air tempera- 
ture of 60 deg. Fahr. and a chimney gas tempera- 
ture of 600 deg. Fahr. 


Substituting in equation 128 and reducing: 
1.5 ee SENS 

1 1 ~~ 0.00748 
#62 Ca ste 
Or, from Fig. 45, the theoretical height, H, for a 
theoretical draft, D,; of 1.50 inches of water and a 
chimney gas temperature, t., of 600 deg. Fahr. is 
equal to 200 ft. 


ae = 200) £6; 


Now from equation 127: 
Dt = KpH 


and from equation 109: 
Dt = hr +hp + hpr +htT + hp + hv + hr 129 


to which should be added 
ho + hE 


‘urbs rod ‘sql Z'yT = d =°d pue ‘TZ0800 = 9M =? M “GRA ‘Bop 09 = 
uo posed seinjeiodmey, sey AouuryD snoliva 103 AouuityD Jo WYZIex [woje1004], -cp “31g 


“ypay uy Aaunjys jo yubray jooyaoayy 


COS CBY O%F OFF C2” COF GOOG C98F OCT O26 06 o2 092 Ove O22 002 09! 09) ov) 02) 001 ov 09 Ov 02 
é 

= § 

= 2 
es mH Ss 

aie lneal 
1 | 
fc) 
re + eth NN 
& 

Pea cal | 


iit 


: 


a 


aup4 seaubep uy sasvb6 Aayuy> yo aunjaedurl abriay 


THE HEIGHT OF THE CHIMNEY 143 


in case it is necessary to consider these two fac- 
tors. : 


Whence 


KpH = hr + hp + hpr + ht + hp + ho + he + hv + he 
" 130 


Then H = 7 EBB herp br ho tho + he br + he 
131 

peed: 

Psa 


The required height. of a chimney above the 
grate level, then, is equal to the sum of the several 
losses of draft throughout the whole installation, 
or along the path of the gases, divided by the theo- 
retical draft per foot of chimney, both expressed in 
inches of water and both based on the same oper- 
ating conditions. The required height of the chim- 
ney is equal to the theoretical height when the sum 
of all of the various losses of draft is equal to D,. 

In equation 131, the terms hp, ho and hg may be 
disregarded, as a general rule, since they are sel- 
dom encountered in an average plant. In case there 
is a loss of draft through the damper or through 
an economizer when the latter is not a part of the 
boiler, or due to a sudden enlargement of an open- 
ing, the proper value, or values, should be included. 
It is only in rare instances that such cases will oc- 
cur. 


Example: Determine the required height of a 
chimney for the following conditions: 
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60 deg. Fahr., temperature of the outside air, 
600 deg. Fahr., temperature of the chimney gases, 
0.40 in. of water, loss of draft through the fuel bed, 
0.65 in. of water, loss of draft through the boiler, 
0.15 in. of water, loss of draft through the breeching, 
0.10 in. of water, loss of draft due to turns or bends, 
0.10 in. of water, loss of draft due to velocity, 
0.10 in. of, water, loss of draft due to friction. 


Substituting in equation 131 and reducing: 
0.40 + 0.65 + 0.15 + 0.10 + 0.10 + 0.10 


Ke —aas) 
7.63 eS 1059.6 
1.50 


Or, from equation 129: 
Dt = 0.40 + 0.65 + 0.15 + 0.10 + 0.10 + 0.10 
= 1.50 inches of water 


He 


and from Fig. 45 the height of chimney required 
for a chimney gas temperature of 600 degrees 
Fahr. and a theoretical draft of 1.50 inches of wa- 
ter is equal to 200 ft. 


Of the nine terms composing the numerator of 
the right hand member of equation 131, only two 
terms, exclusive of the three noted heretofore 
(hp, ho, and hg) which are seldom encountered, 
cannot be expressed by an equation, viz: hp and 
hp. It is necessary to get values for these two fac- 
tors from curves which have been plotted from 
experiments. Figs. 38 and 39 are two such typical 
curves. 

Equations 132, 138, 134, and 135 give the re- 
quired height of a chimney with all of the observ- 
able conditions taken into consideration. Equations 
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132 and 134 are based on the velocity of the gases 
and equations 133 and 135 on the weight of gases 
flowing. Equations 134 and 135 are in a reduced 
form and are based on f =0.016, W. = 0.0855, 
P, = 14.7, a breeching with a height equal to twice 
the width and a circular section of chimney. 

Now the principal factors which affect the loss 
of draft through the fuel bed are: 


1. Character of fuel burned, 

2. Amount of fuel burned per square foot of 
grate surface per hour, or the rate of com- 
bustion. 


The loss of draft through the boiler is affected 
mainly by: ° 


1. Type and size of boiler, 
2. Rate of operation. 


From the equations and data given herewith, 
the required height of a chimney is affected by the 
following: 


1. Character of fuel burned, 

2. Rate of combustion, 

3. Type and size of boiler, 

4, Rate of operation, 

5. Quantity of gases flowing, 
6. Temperature of flue and chimney gases, 
7. Length of breeching, 

8. Size of breeching, 

9. Coefficient of friction, 

10. Density of chimney gases, 
11. Atmospheric pressure, 
12. Length of chimney duct, 
18. Diameter of chimney, 
14. Temperature of outside air. 
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The value of each of the above factors can be 
computed from data or may be observed by instru- 
ments, with the exception of the diameter of the 
chimney and the length of the chimney duct. Hence, 
in computing the required height of a chimney, 
it is necessary either to assume a value for the di- 
ameter and a value for the length of the chimney 
duct, or to assume arbitrary values for the loss due 
to velocity and the loss due-to friction. In any 
problem involving the diameter of the chimney, 
the approximate diameter may be estimated close- 
ly by assuming an average velocity of the chimney 
gases and dividing this value into the quantity of 
gases flowing. For the purpose of arriving at a 
trial height of chimney, fairly close results will be 
obtained by assuming a loss of draft of 0.10 inches 
of water for the loss due to friction and the same 
amount for the loss due to velocity. 

A set of average operating conditions for a coal- 
fired plant will now be assumed, and the required 
height of chimney will then be computed, using 
equations 132, 133, 134, and 135 as a basis for 
determining the losses of draft. 

The following set of average operating condi- 
tions will be assumed : 

1. W. Va. semi-bituminous coal, character of 
Ls oeeends of coal per square foot of grate 
‘surface per hour, rate of combustion, 


. Vertical baffled 4-pass boilers 14 tubes high 
with total grate surface of 660 square feet, 


3 
4, 220 per cent, boiler rating, 
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. 90 pounds per second, quantity of gases 
flowing, 

. 600 degrees Fahr., temperature of flue and 
chimney gases, 

. 60 feet, length of breeching, 

. 66” wide < 13'0” high, size of breeching, 

. 0.016, coefficient of friction, 

10. 0.0855, density of chimney gases, 

11. 14.5 pounds per square inch, atmospheric 

pressure, 

12. Length of chimney duct, 18 feet less than the 

required height of the chimney, 

13. Diameter of chimney to be approximated, 

14. 60 degrees Fahr., temperature of the outside 

eure 
Loss of Draft through the Fuel Bed 
(Items 1 and 2) 

The loss of draft through the fuel bed, hp, for 
W. Va. semi-bituminous coal when burned at a 
rate of 25 pounds per square foot of grate surface 
per hour, as given by Fig. 38, is equal to 0.35 in. 
of water. 


Loss of Draft through the Boiler (Items 3 and 4) 

The loss of draft through the boiler, hp, for a 
4-pass vertically baffled boiler 14 tubes high when 
operated at 220 per cent rating, as given by Fig. 
39, is equal to 0.80 inches of water. 


coon oy) oO 


Loss of Draft through the Breeching (Items 
Do O24 oh. Pee 
From equations 117 and 135: 


(90)* x 1059.6 x 60 x 39 
14.5 X (84.5)* & 0.0855 


Her = 0.00008938 * 0.016 
= 0.04 in. of water 
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It should be noted that when the various losses 
are based on the quantity of gases flowing, the loss 
varies inversely as the atmospheric pressure. 


Loss of Draft Due to Turns or Bends in the 
Breeching (Items 5, 6, 8, 10 and 11) 


Assume one right angle bend. From equations 
i724 and 133: 
(90)? & 1059.6 
hr = 0.0000893 X 775 NZ (84.5)* X 0.0855 


= 0.09 in. of water 


Loss of Draft Due to Velocity of the Chimney 
Gases (Items 5, 6, 10, 11, 12 and 13) 


The diameter of the chimney at this stage of the 
analysis is unknown, therefore it is necessary to 
select a trial value. This is arrived at as follows: 
90 lbs. of chimney gases per second at a chimney 
gas temperature of 600 degrees Fahr. is equal to 
2,270 cu. ft. per second. Assuming an average 
chimney gas velocity of 28 ft. per second, the area 
of the chimney would be equal to 


2270 == (YY Sq. ft. 


28 
from whence the diameter is equal to 10 feet, ap- 
proximately. Then from equations 42 and 133: 


(90)? X 1059.6 
hy = 0.0000893 X T75 SZ (80)? x 0.0855 


= 0.10 inches of water 
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Loss of Draft Due to Friction (Items 5, 6, 9, 10, 
11, 12 and/13) 


The length of the friction duct of the chimney 
is unknown and it is therefore necessary to select 
atrial value. This is arrived at as follows: 


From the foregoing data: 


Loss of draft through the fuel bed 
Loss of draft through the boiler 
Loss of draft through the breeching 
Loss of draft due to turns 

Loss of draft due to velocity 
Assume loss of draft due to friction 


85 in. of water 
80 in. of water 
.04 in. of water 
09 in. of water 
10 in. of water 
10 in. of water 


HU UW tT Tl 


Sssoos9 


Total trial loss of draft = 1.48 in. of water 


The theoretical draft per foot of chimney (items 
6 and 14) as given by equation 23 is equal to 


1 1 
aS (sig5 — i008) 


= 0.00748 inches of water 


From Fig. 10, the correction factor for a chimney 
gas density of 0.0855 pounds per cubic foot at 32 
degrees Fahr. is equal to 0.00042 inches of water. 
Whence, the theoretical draft corrected for chim- 
ney gas density equals 

Kp = 0.00748 — 0.00042 = 0.00706 in. of water 


Corrected for atmospheric pressure, 
Kp = 0.00706 X 0.987 = 0.00697 in. of water 


Then from equation 127: 


1.48 
0.00697 


and Trial L= 212—18=194 feet 


Drala == 212 "Feet 
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Whence, from equations 66 and 133: 


(90)? x 1059.6 x 194 31.4 


ht = 0.0000893 X 0.016 x 14.5 X (80)? X 0.0855 


= 0.12 inches of water 


The trial assumption for the loss of draft due to 
friction proved to be too small and a second as- 
sumption must be made. 
Assume loss of draft due to friction = 0.12 inches 
of water. 
Then the total loss of draft = 1.50 inches of water. 
Whence, from equation 127, as before: 

1.50 
0.00697 


and Trial L = 215 —18 = 197 feet 


rial) re == 215 feet 


Then, as before, 


90)* & 1059.6 197 & 31.4 
hr = 0.0000893 0.016 ay << (80)° X 0.0855 


= 0.12 inches of water 


Since the assumed loss of draft due to friction is 
equal to the computed loss, the trial L is equal 
to the actual L, and no further correction is neces- 
sary. 

Finally, the total loss of draft throughout the in- 
stallation from the data given and as developed 
by the above calculations is equal to: 


Loss of draft through the fuel bed = 0.35 in. of water 
Loss of draft through the boiler = 0.80 in. of water 
Loss of draft through the breeching =0.04 in. of water 
Loss of draft due to turns = 0.09 in. of water 
Loss*of draft due to velocity = 0.10 in. of water 
Loss of draft due to friction = 0.12 in. of water 

Total loss of draft = 1.50 in. of water 
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The theoretical draft per foot of chimney, as given 


before, equals 
0.00697 inches of water 


Whence, the required height of chimney as given 
by equation 131 equals: 


1.50 


Quantity of Gases Flowing 
It was assumed that the quantity of gases flow- 
ing is equal to 90 lbs. per second. This value was 
arrived at as follows: The total grate surface of 
the boilers is equal to 660 sq. ft. Since the rate 
of combustion was assumed at 25 lbs. of coal per 
sq. ft. of grate surface per hour, the total amount 
of coal burned equals 
660 * 25 = 16,500 lbs. per hour 


An analysis of the coal is necessary to determine 
the theoretical amount of air required per pound 
of coal. Let it be assumed that an analysis of the 
coal gave the following results: 


82 per cent carbon 

5 per cent hydrogen 

4 per cent oxygen 

1 per cent sulphur 

8 per cent nitrogen 

5 per cent ash (by difference) 


Then the theoretical weight of air required per 


pound of coal equals: 


Weta = 11.56 X 0.82 + 84.56 ( 0.05 — ot) 4+ 4.32 < 0.01 


= 9.48 + 1.56 + 0.04 
== 11.08 
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Assuming that 70 per cent excess air is required, 
the total weight of the products of combustion per 
pound of coal equals 

We = 11.08 X 1.70 + 0.82 + 0.04 + 0.01 


= 20 lbs. of gas (approximately) 


Whence, the total weight of gases formed equals 
16,250 K 20 = 825,000 lbs. per hour 


325,000 
3600 


= 90 lbs. per second 


Size of Breeching 


The size of the breeching was determined as fol- 
lows: 90 lbs. of gases at a flue gas temperature of 
600 deg. Fahr. equals 2,270 cu. ft. per second. As- 
suming an average flue gas velocity of 28 ft. per 
second, the minimum area of the flue or breeching 
would be equal to 


2270 


23 = 80 square feet 


Allowing an excess of 5 per cent, the required area 
then equals 84 sq. ft. Assuming a rectangular 
breeching with a height equal to twice the width 
or a ratio of sides of 2:1, 
2 Dor X Dor = 2 D'or = 84 
Dor = 42 
Whence Dor = 6.5 


and Hor =2 Dor = 138.00 
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General 

The foregoing presents a fairly accurate and 
complete method of determining the required 
height of a chimney. It should be borne in mind 
that the example which has been worked out in 
detail represents an assumed set of operating con- 
ditions. Of course these operating conditions may 
vary from day to day, or even from minute to min- 
ute, and as a consequence, the required height of 
the chimney will also vary. Unfortunately, it is 
not possible or even practicable to build a telescop- 
ing chimney which could be adjusted in height, 
and even in diameter, to meet the variation in vari- 
ous operating conditions as they deviate from 
those made in the assumption. As long as the total 
loss of draft remains at or around 1.50 inches of 
water, as noted in the example, a chimney 215 
feet in height will create sufficient draft to over- 
come all of the resistances, provided the chimney 
gas temperature and the temperature of the out- 
side air do not change appreciably. The maximum 
loss of draft through the fuel bed and also through 
- the boiler has been included in the total loss and as 
long as the rate of combustion of the coal remains 
at or below 25 lbs. per sq. ft. of grate surface per 
hour, and the rate of operation of the boilers re- 
mains at or below 220 per cent of normal rating, 
there will never be any increase in the loss of 
draft through these two parts. 

The losses through the breeching, due to turns, 
due to velocity and due to friction are all based on 
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a chimney and flue gas temperature of 600 degrees 
Fahr. and will vary with the temperature of these 
gases. Likewise, the theoretical draft per foot of 
chimney varies as the temperature of the chimney 
gases. It will be shown later on that the required 
height of a chimney decreases as the temperature 
of the flue and chimney gases increase, all other 
conditions remaining constant. On the other hand, 
the required height of a chimney increases as the 
température of the outside air increases, all other 
conditions remaining constant. All of the factors 
entering into the equation for the required height 
of a chimney, affect the height in one way or an- 
other when they vary from the original assump- 
tion. In computing the required height of a new 
chimney, these variations affect the ultimate 
height at which the chimney will be built, while in 
the case of a working chimney the variations in 
the loss of draft affect the performance of the 
chimney. 

The usual or approximate method of determin- 
ing the required height of a chimney is to ascer- 
tain the loss of draft through the fuel bed and the 
loss through the boiler from curves, approximate 
the loss of draft through the breeching and the 
loss due to turns from arbitrarily set units, in- 
crease the sum of these four losses by 25 per cent, 
and then divide the sum of these four losses and 
the 25 per cent increase by the theoretical draft 
per foot of chimney. The increase of 25 per cent 
is due to the assumption that the available draft 
is equal to 80 per cent of the theoretical draft. The 
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loss through the breeching is usually taken or as- 
sumed at about 0.10 inches of water per 100 lineal 
feet of breeching and the loss due to turns as 0.05 
inches of water for each right angle turn or bend. 
Applying the above method or approximation to 
the example given heretofore: 

Loss of draft through the fuel bed 


(from curves) = 0.35 in. of water . 
Loss of draft through the boiler (from 
curves) = 0.80 in. of water 
Loss of draft through the breeching - 
(0.10 * 60/100) = 0.06 in. of water 
Loss of draft due to turns = 0.05 in. of water 
1.26 in. of water 
25 per cent increase = 0.32. in. of water 
Total loss of draft = 1.58 in. of water 


The value “K,” or the theoretical draft per foot 
of chimney is usually given as 0.0075 for a chim- 
ney gas temperature of 600 deg. Fahr. Whence, 
the required height equals 


1.58 
= 0.0075 = 210 feet 


The required height of the chimney by this method 
is 5 feet less than that determined by the more 
accurate method. 

Even though the results by the two methods are 
fairly close, yet the approximate method of deter- 
mining the required height of a chimney is inac- 
curate and is liable to produce some extremely in- 
accurate results, especially in the case of the 
smaller size chimneys. The actual available draft, 
in this case, is equal to 

1.58 —0. 82 = 1.26 inches of water 
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which is equal to about 80 per cent of the theo- 
retical draft, assuming that the theoretical draft 
is equal to the total loss of draft. The actual theo- 
retical draft per foot of chimney is equal to only 
0.00697 inches of water, a difference of 0.00053 
inches of water. This difference is due to the fact 
that the value of 0.0075 has not been corrected for 
chimney gas density and atmospheric pressure. 
If the approximated loss of draft was divided by 
the correct theoretical draft per foot of chimney, 
the required height would equal 


1.58 


0.00607 = 226 feet 


The theoretical draft per foot of chimney should 
always be corrected for the proper chimney gas 
density. The usual density assumed is 0.0855 Ibs. 
per cu. ft. at 32 deg. Fahr. which perhaps comes 
very near the average density. The density of the , 
chimney gases is certainly greater than that of 
the outside air. 

One of the greatest mistakes in Ce aerate the 
required height of a chimney is that of assuming 
that the available draft is equal to 80 per cent’ of 
the theoretical draft. This ratio, on the average, 
is not even approximately true. In small chim- 
neys, with small diameters, the available draft is 
usually between 60 and 70 per cent of the theo- 
retical draft, while in large chimneys, with large 
diameters, it is equal to 85 to 90 per cent of the 
theoretical draft. In large chimneys, the loss of 

2 
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draft due to friction is almost negligible, and this 
increases the ratio percentage. 

Neglect of losses of draft should be carefully 
guarded against. Oftentimes in large installations, 
the economizer is not included as a part of the 
boiler but is placed in the breeching, or at any 
rate in such a location that the flue gases must 
pass through it. In this case, a value for the 
loss through the economizer must be included in 
the total loss of draft. Likewise, when the inside 
diameter of the shaft at the level where the breech- 
ing enters is large, there will be a sudden enlarge- 
ment of an opening and another value must be 
added to take care of this loss. There may be 
several bends in the breeching and the loss for one 
bend must be multiplied by the number of bends. 

The cardinal sin in calculating the size of chim- 
neys.is.in the attempt to arrive at definite results 
_ with insufficient information. The required height 
of a chimney cannot be determined accurately 
with insufficient data any more than a building or 
a bridge can be designed with insufficient prelimi- 
nary information. When an attempt is made to 
determine the required height of a chimney, at 
least the fourteen items as noted heretofore should 
be known. Certainly the amount of gases flowing 
should be one of the first items known, yet how 
many designers get this information at first. Ar- 
riving at the height of a chimney without knowing 
the amount of gases flowing is worse than trying 
to arrive at the size of a pipe without knowing how 
much water is to be taken care of. 
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The height to which a contemplated chimney is 
to be built should be the ultimate height which will 
ever be required. When a chimney is built too 
short, the situation is practically hopeless, as far 
as creating more natural draft is concerned. 


CHAPTER VII 


ELEMENTS OF COMBUSTION 


Combustion is the chemical union, or combina- 
tion, of the oxygen of the air with one, or more, of 
the combustibles of a fuel, such as carbon, hydro- 
gen, or other elements. This chemical union is very 
rapid and is accompanied by a liberation of heat 
and light. Combustion is perfect or imperfect ac- 
cording as: the combustible unites with the neces- 
sary amount of oxygen and the process is complete, 
or, there is an excess of oxygen and the process is 
incomplete. The perfect combustion of a fuel 
should result in carbon dioxide, .nitrogen, and 
vapor. 


Air 
The atmosphere, or air, is a mechanical mixture 


of several constant and variable ingredients as 
follows: 


The constant ingredients are: 
. Nitrogen, 

. Oxygen, 

Argon, 

. Helium, 

. Krypton, 

. Hydrogen. 


Oo wD 
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The variable ingredients are: 
. Water vapor, 

Carbon dioxide, 

Ozone, 

. Hydrogen peroxide, 
Ammonium nitride, 

. Dust and bacteria. 


Oo we 0 


Pure air is a mixture of the constant ingredients 
of the air. In general, pure dry air contains 79.09 
per cent nitrogen and 20.91 per cent oxygen by 
volume, or 76.85 per cent nitrogen and 23.15 per 
cent oxygen by weight. The other elements occur 
in very small quantities and are included in the 
oxygen percentages. 

Oxygen is the supporter of combustion while 
nitrogen is inert. Nitrogen acts as a diluent and 
greatly reduces the activity of the oxygen as well 
as lowers the temperature of combustion. Oxygen 
also exists in coal as a compound with hydrogen in 
the form of water. The combining weight of oxy- 
gen is 16 and that of nitrogen 14. 


Fuels 


Fuels may be broadly classified as follows: 
Solid fuels. 
Natural 
ae Coal 
Anthracite 
Semi-bituminous 
Bituminous 
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Wood 
Hard 
Soft 
Peat 
Lignite 
Straw 
Prepared 
Charcoal 
Coke 
Peat 
Briquetted fuels 
Liquid fuels. 
Natural 
Crude oils 
Prepared 
Distilled oils 
Gaseous fuels. 
Natural 
Natural gas 
Prepared 
Coal gas 
Water gas 
Producer gas 
Oil gas 


The principal ingredients of fuels are: 
. Carbon 

. Hydrogen 

. Oxygen 

. Nitrogen 

. Sulphur 


orWN FH 
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During the process of combustion, a fuel is seg- 
regated into carbon and volatile gases. The volatile _ 
gases which are distilled from the fuel before being 
burned are called hydrocarbons and are repre- - 
sented by marsh gas, olefant gas, tar, pitch and 
naphtha. After the volatile gases have been driven 
off, fixed carbon remains. Ash is the incombustible 
material which remains after the fuel has been 
burned. The three ingredients which are deter- 
mined in the commercial analysis of a fuel are: 

1. Fixed carbon, 

2. Volatile matter, 

3. Ash. 

In determining the heat value of a fuel, the fol- 
lowing are considered: 

1. Oxygen, 

2. Hydrogen, 

3. Sulphur. 

4. Carbon. 

The heat value of a fuel is expressed in terms of 
b.t.u.’s per pound. 


Carbon 

Carbon is found in a pure state as graphite and 
diamond. It exists in fuels in two forms, viz: 

1. Fixed carbon, 

2. Hydrocarbon combinations. 

Fixed carbon is the pure carbon of the fuel. It 
remains unchanged when the fuel is heated and the 
volatile matter and moisture are driven off. The 
result of a union of hydrogen and carbon is called 
a hydrocarbon. This is the volatile state of carbon. 


164 DRAFT AND CAPACITY OF CHIMNEYS 


Carbon combines with oxygen in two ways. If 
_ sufficient air is supplied to every particle of carbon, 
complete combustion results and carbon dioxide is 
formed: 
C+ 20=—CO, 136 
If insufficient air is supplied to the particles of 
carbon, incomplete combustion takes place and car- 
bon monoxide will be formed: 
CcC+0O=CO 137 


Carbon dioxide is an inert gas while carbon mon- 
oxide is combustible and will unite with oxygen to 
form carbon dioxide: 

co+0=CO, 138 


Hydrogen 
Hydrogen exists in fuels as a compound of both 
carbon and oxygen in the form of hydrocarbons 
and water. Hydrocarbons form the principal part 
of the volatile matter in fuels, that is to say, they 
are the part of the fuels which are driven off in a 
gaseous state. Hydrogen in combination forms the 
moisture content of the fuel. Hydrogen is very 
combustible and, unlike carbon, always burns com- 
pletely. 
2H +0=H,0 139 


The combining weight of hydrogen is 1. 


Sulphur 


Sulphur is found in most fuels in the form of 
iron sulphide. When present in small quantities, 
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its effect is negligible. When fuels contain from 
four to five per cent of sulphur, however, difficulty 
is experienced in burning them, even though sul- 
phur itself is combustible. Sulphur lowers the 
fusion temperature of ash and causes the forma- 
tion of clinkers. Sulphur also unites with hydrogen 
and oxygen forming acids which quickly attack and 
corrode steel. The combining weight of sulphur is 
32. 

In addition to the elements mentioned, solid fuels 
contain water, ash, and other foreign substances 
such as oxygen and nitrogen. 


TABLE 11 
Element Combining Formula Pounds of Pounds of Calorific 
Weight Oxygen re- Air re- Value in 
quired quired B.t.u. per 
per Lb. per Lb. Lb. of 
of Com- of Com- Combus- 


bustible bustible tible 


CO 1% 5.76 4,450 
O, 2% 11.52 14,600 
Co, 4/7 2.47 4,350 
LO mmo 34.56 62,000 


Carbon, C 12 C+ E 


—- 
Hydrogen,H 1 a 
Nitrogen, N 14 
Oxygen, O 16 
Sulphur, S 32 S+ 20 

S+30 


Air supplied for combustion 


When coal is burned in a boiler, the volatile mat- 
ter-of the fuel unites with the oxygen in the air 
and a definite amount of heat is liberated which is 
made available for generating steam. The tem- 
perature of the resulting gases depends, among 
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other factors, upon the quantity of gas to be heated 
and, all other things being equal, the temperature 
will vary inversely as the amount of excess air. 
That is to say, the greater the excess air, the lower 
the temperature. The weight of air supplied for 
combustion determines to a great extent the effi- 
ciency of the furnace and is a very important fac- 
tor in determining the available draft of a chimney. 
From the weight of the air supplied and the 
amount of coal burned can be determined the 
amount of resulting gases and consequently the 
amount of gases passing up the chimney. 

The weight of air to be supplied for proper 
combustion may be determined by two methods, 
viz: 

1. By analysis of the coal, or fuel 

2. By analysis of the flue or furnace gases. 


Air is composed of 21 per cent oxygen and 79 
per cent nitrogen, by volume, or 23.15 per cent 
oxygen and 76.85 per cent nitrogen, by weight. 
Hence, when one pound of oxygen is burned, there 
must be supplied 


ae = 8.32 lbs. of nitrogen 


and for every pound of oxygen required, there 
must be supplied 1 lb. of oxygen + 3.32 lbs. of 
nitrogen = 4.32 lbs. of air. 

Based on the approximate molecular weights, 
one pound of carbon will require 


O, 32 
C=p= 2.666 Ibs. of oxygen 
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or 2.666 < 4.32 = 11.52 lbs. of air for complete 
combustion. The product formed will be carbon 
dioxide, 

C+20=CO, 140 


and the total weight of the gaseous products per 
pound of oxygen will be 
1 +- 11.52 = 12.52 Ibs. 


Likewise, one pound of hydrogen will require 


O 16 
= 23> 8 lbs..of oxygen 


or 8 < 4.82 = 34.56 lbs. of air for complete com- 
bustion. The product formed is water (steam), 
2H + O0=—H,0 141 


and the total weight of the gaseous products per 
pound of oxygen will be 
1 + 34.56 = 35.56 lbs. 


Finally, one pound of sulphur will require 


0, 82_ 
3 39> 1 lb. of oxygen 


or 1 < 4.32 = 4.32 lbs. of air for complete combus- 
tion. The product formed will be sulphur dioxide, 
S+20=SO, 143 


and the total weight of gaseous products per pound 
of oxygen will be 
1+ 4.32 = 5.32 lbs. 


Whence, the total weight of dry air required 
per pound of fuel is equal to 
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Wea = 11.52 C+ 34.56 ( H —°) 44.32 8 144 


in which Wta= weight in lbs. of dry air required per 
pound of fuel, 


C = weight in lbs. of carbon per pound of fuel, 
O =weight in lbs. of available hydrogen per 
H— > pound of fuel, 


S = weight in lbs. of sulphur per pound of fuel. 


The above analysis is based on the assumption 
that the distribution of the air will be so perfect 
that each particle of oxygen of the air will come 
in contact with a particle of carbon or available 
hydrogen, thereby forming perfect combustion. 
In practice, however, this does not take place, 
since it is impossible to effect a perfect distribu- 
tion. In case there is an insufficient supply of air 
(oxygen), some of the hydrogen may escape un- 
burned or some of the carbon may be only partly 
burned, forming carbon monoxide instead of car- 
bon dioxide, 

c+0O=CO 145 


Carbon monoxide, however, is a combustible gas 
and will burn when heated to its ignition point 
and also supplied with the required amount of air, 

coO+0=CO, 146 


In order to insure that no combustible gases 
escape up the chimney, it is necessary to supply an 
excess of air to the fuel so that complete combus- 
tion may take place and every particle of combus- 
tible matter is burned. The percentage of excess 
air, or the ratio of the air actually supplied per 
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pound of combustible to that theoretically required 
is derived as follows: 
Oxygen is accompanied by 


Pe 3.76 times its volume of nitrogen 
The nitrogen content of the air required for com- 


bustion is equal to 
N — 3.760 147 


Hence, the ratio of the air actually supplied to that 
theoretically required is equal to 
N 
Ra = N — 3.76 O re) 148 
in which R, = ratio of air supplied per pound of 
combustible to that theoretically required. 


In case all the carbon is burned to CO,, the ratio 
will be equal to 
N 


R. =—________, 
N— 3.76 (0+ 500) 


149 


In the above, N and O represent the percentage by 


volume of the nitrogen and oxygen, respectively, 
in the flue gases as given by the flue gas analysis. 


Whence the total actual weight of dry air re- 
quired per pound of fuel is equal to 


Wie We Fk. [ 11.52 C +34.56 (x te 3) Hy 4.32 | Ra 150 


in which Wy, = total actual weight of dry air re- 
quired per pound of fuel. 

Fig. 46 gives the theoretical weight of air re- 
quired per pound of fuel (coal). 
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Weight in pounds of dry air required per pound of coal 


Fig. 46. Theoretical Weight of Air Required per Pound of 
Coal. 


0 
Based on Wta = 11.52 + 34.56 (H — 7 ) + 4.32 S 
Weight of sulphur neglected. 


TABLE 12 


Theoretical amount of 
Fuel air in pounds required 
per pound of fuel. 


Wood 6.0 
Peat 1.3 
Lignite 8.8 
Sub-bituminous 10.2 
Bituminous 10.7 
Coke 10.8 
Semi-bituminous 11.4 
Semi-anthracite 11.6 
Anthracite ai er 
Crude oil 14.4 


Table 12 gives the approximate theoretical 
amount of air required to burn one pound of vari- 
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ous fuels. These results are based on average typi- 
cal analyses. 

In general, however, the theoretical amount of 
air required to burn one pound of fuel varies be- 
tween wide limits even with the same grade of fuel. 
It has been found, however, that there is a close 
agreement between most fuels when the theoretical 
air requirements are based on the calorific value 
of the fuel. This agreement is based on a theo- 
retical air requirement of 7.4 pounds per 10,000 
b.t.u. Whence: 


Wis = 7.4 b.t.u. 


10,000 pe 


Excess Air Requirement 
As stated before, in practice it is impossible to 
obtain perfect combustion with only the theoreti- 
cal amount of air as calculated. This is due to 
impurities in the fuel and the practical impossi- 
bility of getting a particle of oxygen (air) in con-' 
tact with a particle of carbon (fuel). As a conse- 
quence an excess of the theoretical amount of air 
is required. This excess may be computed from 
equations 148 and 149. In practice, however, the 
amount of excess air admitted is arbitrarily regu- 
lated by the amount of CO, desired in the chimney 
gases. Fig.-47 gives the relation between the CO, 
content in the gases and the excess air expressed 

in per cent of the theoretical minimum. 
The amount of excess air admitted as expressed 
by the CO, content of the flue and chimney gases is 
a very important factor in chimney design and 
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Excess air in percent of the theoretical minimum 


Percent of CO, in dry gases by volume 
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Weight of dry gases in pounds per 10,000 Btu 


Fig. 47. Relation of excess air and weight of gases to per- 
centage of CO.. 


performance, for upon it depend the amount of 
gases generated and also the temperature of the 
gases. The per cent of CO, decreases as the per- 
centage of excess air increases, and the tempera- 
ture of the flue and chimney gases also decreases 
as the percentage of excess air increases. It has 
been found by experience that a CO, content of 
approximately 13 per cent, which corresponds to 
an excess air percentage of approximately 50 per 
cent, gives the best results. Less than this amount 
will result in more or less incomplete combustion, 
while a greater amount will result in a lower gas 
temperature. 
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Weight of products of combustion per pound of fuel 


Then the total weight of the products of com- 
bustion per pound of fuel is equal to 


We=WetC+ (x—?)+s 152 


in which Wtp=total weight in lbs. of products of com- 
bustion per pound of fuel. 


Based on an analysis of the flue gases, the theo- 
retical amount of air required per pound of fuel 
is equal to 


Wea = 34.56 ($+(H-2)+%) 153 


in which C, H, and S represent the percentage by 
weight of carbon, hydrogen, and sulphur in the 
fuel. 

The weight of the flue gases per pound of car- 
bon is equal to 

1PC O,4-8 0-7: (CO4N) 1 
3 (CO,+ CO) 

in which CO,, O, CO, and N are the percentages 
by volume as determined by the flue gas analysis. 
Whence, the total weight of the products of com- 
bustion per pound of fuel is equal to 


11 CO, +8 O+7 (CO+N) S 
Wee 3 (CO, + CO) C+ F335 


155 


in which C and S are the percentages by weight 
of carbon and sulphur contained in the fuel. 
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Total weight of products of combustion 
Let G=total grate surface of boilers in 
square feet, 
and C,— pounds of coal burned per square 
foot of grate surface per hour. 


Then C,G=total amount of coal burned in lbs. 
per hour. 


Whence, the total weight of the products of com- 
bustion is equal to 
Wee, G ACW ee +( H —°) +S) Ibs. per hour! 156 


If the gases passing up the chimney have the 
same temperature as those leaving the boiler, 


CG (Wa+C+(H—J) +8) 


fe WPS 
ve *3600 | 3600 wp. 
Likewise 
11CO, +80 +47(CO +N) Ss 
w.— WP eee G ( 3 (CO, + CO) = 5s) 
“~~ 3600 — 3600 158 
Wr» = total amount of products of combustion formed per 
hour. 


W:. = total amount of gases leaving the boiler and passing 
up the chimney per second. 
Fig. 48 gives the total products of combustion 
formed per second for various amounts of air. 


Density of the gases 
In determining the theoretical draft and the 
various losses of draft, and also the capacity, of 
a working chimney, it is necessary to know the 
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Fig. 48. Total Products of Combustion per Second for Various 
Amounts of Air. 


weight of the gases per cubic foot, W., at a cer- 
tain temperature which, in this book, is always 
taken at 32 degrees Fahr. The weight of a cubic 
foot of dry air is equal to 0.08071 pounds at 32 
degrees Fahr. and this weight is often used as the 
weight of the chimney gases. This unit, however, 
is not strictly true since the products of combustion 
are always heavier than air. The weight of the 
gases as they leave the boiler ranges between 0.082 
to 0.088 pounds per cubic foot at 32 degrees Fahr. 
Draft and capacity calculations based on the as- 
sumption that the density of the chimney gases is 
the same as that of the outside air will give results 
which are greatly in excess of the actual figures. 
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The unit weight, or density, of the flue and chim- 
ney gases is based on the CO,, O,, and N, content. 
The density of the gases in pounds per cubic foot 
at 32 degrees Fahr. is given by the equation: 

W- = 0.123 CO, + 0.089 O, + 0.078 N. 159 


in which CO,, O,, and N, represent the percentages 
of the parts by weight of these gases in the prod- 
ucts of combustion. For example: If an analysis 
of the gases showed 10 per cent CO,, 12 per cent 
O,, and 78 per cent N,, then 
W- = 0.123 & .10 + 0.089 & .12 + 0.078 X.78 
=0.0838 


This figure represents the density, or the weight in 
pounds per cubic foot, at 32 degrees Fahr. This 
figure is the starting point of the analysis of all 
draft and capacity problems. 

In designing a new chimney, it is of course im- 
possible to predict the density of the gases with 
any degree of accuracy. However, it has been 
found by experiment that a fair average for the 
density of the chimney gases is 0.0855 pounds per 
cubic foot at 32 degrees Fahr. and this figure has 
been used throughout the problems in the book in 
the absence of any definite data. 


Smoke 


Smoke is unburned carbon in a flocculent state 
together with ash and is produced in the furnace 
when the incandescent particles of carbon are 
cooled before coming in contact with the proper 
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amount of oxygen which should unite with them. 
Smoke is usually associated with bituminous coals. 


Temperature of gases 


As the gases leave the combustion chamber and 
pass on through the boiler, the latter absorbs all 
the heat possible from them and transmits it to 
the water and steam. The temperature of the 
water in the boiler limits the extent to which this 
cooling process can be carried on, and for this rea- 
son the temperature of the gases as they leave the 
furnace should be as high as possible. In average 
practice the temperature of the gases as they leave 
the furnace ranges between 2500 and 3000 degrees 
Fahr. when the furnace is being operated economi- 
cally. The latter temperature may be attained for 
high rates of combustion with a relatively low per- 
centage of excess air. As a general rule, such tem- 
peratures are encountered for only short intervals. 
When a boiler is being operated at a low rating, the 
temperature of the gases may be as low as 1500 
degrees Fahr. and particularly so during inefficient 
operation. 

The temperature of the gases as they enter the 
breeching varies between wide limits but will aver- 
age between 500 and 650 degrees Fahr., except in 
the cases when an economizer is used when the gas 
temperature may be as low as 350 to 400 degrees 
Fahr. Inasmuch as the draft and capacity, as well 
as the required height and diameter, of a chimney 
varies as the temperature of the gases, it is of ut- 
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most importance that a figure for this value be se- 
lected with the utmost caution. When an econo- 
mizer is used, the figure selected should be con- 
siderably less than when none is used. In the ab- 
sence of any definite data, the temperature of the 
flue and chimney gases may be taken at 450 degrees 
Fahr. when an economizer is used and at 550 to 
600 degrees Fahr. for ordinary installation. Fig. 
49 gives the probable temperature of the flue and 
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Fig. 49. Probable temperature of chimney gases for various 
amounts of water evaporated. 


chimney gases in terms of the number of pounds of 
water evaporated per square foot of heating sur- 
face per hour. 

Much has been written and conjectured concern- 
ing the temperature drop as the chimney gases as- 
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cend in the chimney. One authority states that the 
temperature of the gases in the chimney decreases 
about 1 degree Fahr. per foot of chimney. Another 
writer has arbitrarily based the average tempera- 
ture of the chimney gases on the height and di- 
ameter of the chimney, using a multiplying factor 
based on the per cent of the entering temperature 
of the gases. Neither of these methods give satis- 
factory results since the type of chimney and other 
controlling factors are not taken into considera- 
tion. It is the writer’s contention that, if a chim- 
ney is properly constructed and properly lined, the 
temperature drop will not be of much consequence. 
When investigating the performance of a working 
chimney, the average chimney gas temperature 
may be observed by means of a pyrometer. In the 
case of a new chimney which is being designed, 
the value of the chimney gas temperature selected 
is purely a matter of arbitrary choice by the de- 
signer. 


CHAPTER VIII 


THEORY OF CAPACITY 


The capacity of a chimney is measured by the 
amount of gases it will discharge during a stated 
interval of time. The oxygen of the air unites with 
the fuel in the combustion chamber and gases are 
formed with a certain temperature. These gases 
in turn pass on through the boiler, through the 
breeching, and then into, and out through, the 
chimney, finally dissipating themselves into the 
upper regions. It can be easily understood how 
ordinary gases will flow in a horizontal duct, even 
though they are of the same temperature as, but 
with a different density from, that of the outside 
air. But in the case of chimney gases, the tempera- 
ture is enormously higher and the density slightly 
greater than that of the atmosphere; and, in addi- 
tion, the gases, instead of flowing horizontally, pass 
up a vertical duct and flow against gravity. Since 
the temperature of the chimney gases is greater 
than that of the outside air, the former, being con- 
siderably lighter in weight per unit volume, will 
rise just as a balloon, which is full of hot gases or 
air, rises in the surrounding cooler atmosphere. 
In developing the theory for the capacity of a chim- 
ney, however, it is necessary to have more informa- 
tion at hand than the mere fact that the gases ~ 
simply go up the chimney. There must be some im- 
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pelling force that imparts velocity to the gases. 
This will now be discussed in detail. 

The actual amount of gases generated in a boiler 
furnace can be computed with a relatively fair de- 
gree of accuracy. In determining the amount of 
gases it is necessary to know the kind of coal which 
is being burned, together with an analysis of its 
constituents, and also the rate of combustion and 
the total area of the grate surface. 

The theoretical amount of air required to burn 
one pound of fuel is determined from an analysis 
of the coal and is given by equation 144. Multiply- 
ing this value by the excess air percentage required 
will give the actual amount of air required as given 
by equation 150. To this product is added the 
weight of the carbon, available hydrogen, and sul- 
phur per pound of coal. Multiplying this result by 
the product of the number of square feet of grate 
surface and the rate of combustion, and dividing 
by 3600 will give the amount of gases generated 
per second. 

After the gases have been formed or generated 
in the combustion chamber, they pass on through 
the rest of the boiler, through the breeching and 
chimney, and finally out into the upper regions. 
As stated in Chapter I, a chimney may be con- 
sidered as a sort of a pump whose function is to 
pump hot gases. Hence, a chimney does work on 
the gases. A chimney “pumping” gases through a 
steam plant installation is analagous to a water 
pump pumping water through a waterworks sys- 
tem, with this essential difference, however, that 
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temperature has practically no effect on the latter 
but is an important factor in the former. 

Practically, the.capacity of a chimney expressed 
in cubic feet per second is equal to the area of the 
chimney in square feet multiplied by the velocity of 
the chimney gases in feet per second. 


Q=— AV 160 
Now from equation 8: 
WRT- 


Whence, the theoretical capacity of a chimney ex- 
pressed in pounds of gases passing per second, 


from equations 160 and 161, equals 
WRT- 


pe = AY 
AVP. 
and WwW= RT. 162 
jz 
Now a Wer 163 
AV We T Po _ sg We Po 4 AV We Bo 
Then W= ae oes =33. Sp 16.43 T. 
164 


In equation 164, the term V denotes the velocity 
of the chimney gases in feet per second. It should 
be stated here with much emphasis that the veloc- 
ity of the gases in the chimney is not the same as 
the velocity of the gases in the furnace or the 
boiler, and, moreover, bears no relation to the lat- 
ter. When the hot gases enter the chimney, it is 
said that they rise of their own accord, because 
they are lighter in weight, or are pushed up be- 
cause the cooler outside air is heavier in weight. 
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Since the gases move and therefore have velocity, 
it is necessary that they be given some impelling 
force. What is this impelling force and to what 
is it due? 

- Two lines of thought have been developed as to 
the cause of this impelling force in the production 
of velocity: first, that velocity is due to gravity 
alone, and second, that velocity is due to the ex- 
penditure of heat. The first may be called the 
mechanical theory and the second the thermody- 
namical theory of the production of velocity of the 
chimney gases. The following analysis will be 
based on the thermodynamical theory of the pro- 
duction of velocity. 

Velocity, then, is due to the expenditure of heat 
and is produced by creating a difference in pres- 
sure, which in turn is produced by a difference in 
weight between the outside air and the hot \gases 
inside the chimney. 


Let Vt= theoretical velocity of chimney gases in 
feet per second 


Also let h=—head in feet producing velocity 


Then hd-e = weight of column of chimney gases pro- 
ducing the velocity 
= Hd. — Hde 165 
Ah ah =i 
Or hWe iW HW. To —- HWe T. 166 
Wo Te 
Whence bh ens 1) 167 
Now Vt =i 2gh 168 


a Wo Te ) 169 
Whence vVi=y 28H (q- 1 
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Let we =i 170 
Vi — 8.02 Cres ae ) 
; 4/ H ( < 1 171 


Fig. 50 gives the theoretical velocity of the chim- 
ney gases for various values of chimney gas tem- 
perature, outside air temperature, and height of 
chimney. 

It should be noted in particular, and borne in 
mind constantly, that the velocities, as given by 
equations 169 and 171, and also by Fig. 50, are 
theoretical values only, since they are based on the 
assumption that the gases are flowing through a 
frictionless duct. In practice, however, the actual 
velocities are considerably less than the theoretical 
values on account of the retardation due to fric- 
tion. The ratio between the actual and the theo- 
retical velocities will be taken up in detail in a sub- 
sequent paragraph. 

From equations 160 and 171, the theoretical ca- 
pacity of a chimney, expressed in cubic feet per 
second, is equal to 


Q=A V 2eH( 1 ) 172 


Likewise, from equations 164 and 171, the theo- 
retical capacity of a chimney, expressed in pounds 
of chimney gases passing per second, is equal to 


A We Po | Cr Te 
We = 33.44 —p— 1 28H (4 —1) 173 
Cr Te —_— To 
== 3994 JA We Pe NE H (Cr Te—To 
Po «/2¢ ( —. 174 
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Fig. 50. Theoretical Velocities of Chimney Gases 
Based on a Chimney Gas Density of 0.0855 Pound per Cubic 


Foot at 32 Degrees Fahr., or — = 0.944. 


Gia — ia 
= e e ° H os 175 
268.2 A We P 4 ( Ss 


in which W: = theoretical capacity of the chimney gases 
in pounds per second. 


Equation 175 gives the theoretical capacity of a 
chimney expressed in terms of pounds of gases 
passing per second in a frictionless duct. If there 
were no retardation of the gases going up the 
chimney, due to friction, the actual velocity of the 
chimney gases would be equal to the theoretical 
velocity, and the actual capacity or the actual 
amount of gases discharged or passing per second 
wouid be equal to the theoretical amount, as given 
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by equation 175. Such, however, is not the case, 
since there is considerable retardation of the ve- 
locity of the gases as they ascend. It, therefore, 
becomes necessary to establish a relation between 
the actual and the theoretical velocity and also be- 
tween the actual capacity and the theoretical ca- 
pacity. 


Let Rv = te 


Vt 


in which Va= working velocity of the chimney gases in 
feet per second 


176 


and Rvr=ratio of actual velocity to theoretical ve- 
locity 
Whence Va=RvVt 177 
= Rr 4) 2gH (a ei ) 178 
Likewise, let 
Wa 


in which Wa= actual capacity of the chimney in pounds of 
gases passing per second. 


and Re = ratio of actual capacity to theoretical ca- 
pacity 
Whence Wa=RceWt 180 
= 268.2 Re A W. Po \ H (<n) 181 
To Te? 
Let Ke = 268.2 We Po Ne ee 182 
To Te? 
Then W:a= ReAKe 183 


Fig. 51 gives the values of K, for various values 
of chimney gas temperature and height of chim- 
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Fig. 51. Values of Capacity Constant Ke. 


K.= 268.2WePo | H (+) 


Based on sea level atmospheric conditions and We = 0.0855 or 
Ct = 0,944, 


ney, based on an outside air temperature of 60 deg. 
Hann. W.—0.0855, and P,= 14:7. ‘The curves 
were computed from equation 182. 

Fig. 52 gives the theoretical capacity of a chim- 
ney for various areas and various values of K,, 
and also the actual capacity for various values of 
R.. These curves were computed from equation 
183, and are based on an outside air temperature 
of 60 deg. Fahr. , 

It should be noted that both Fig. 51 and Fig. 52 
are based on a chimney gas density of 0.0855 lbs. 
per cu. ft. at 32 deg. Fahr., or 


Wo 0.08071 


Oe We = 7 0.08BE 


= 0.944 


From Fig. 51, it will be seen that the capacity of 
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Fig. 52. Theoretical and Actual Capacity of Chimneys. 
Based on Wt = AKe and Wa = RcAKe 


Sea level atmospheric conditions, chimney density of 0.0855, 
and outside air temperature of 60 deg. Fahr. 


a chimney gradually increases as the temperature 
of the chimney gases increases, until a maximum is 
‘reached at a chimney gas temperature of about 
640 deg. Fahr., after which the capacity gradually 
decreases but at a much lower ratio than the in- 
crease. The turning point of 640 deg. Fahr. oc- 
curs when the temperature of the outside air is 60 
deg. Fahr. and the density of the chimney gases is 
equal to 0.0855 lbs. per cu. ft. at 32 deg. Fahr. 
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The turning point of the curve represents the 
maximum capacity of the chimney and varies with 
the temperature of the outside air and the density 
of the chimney gases. 

Fig. 56 gives the capacity of a chimney in terms 
of pounds of gases discharged or moved per second, 
for various values of A, R., Ki, and H, based on 
the conditions as noted. The values of K, for three 
values of outside air temperature and two values 
of chimney gas density for various chimney gas 
temperatures are also indicated. In using this 
chart, the values of K;, and R, should first be cor- 
rected for the proper chimney gas density. 


Maximum Capacity 
In equation 175, the variation due to changes 
in the temperature of the chimney gases and also 
the temperature of the outside air may be repre- 
sented by the equation 


Ke C:Te — Teo 184 
ToT 
fe hiche Cr ae 185 


Fig. 53 gives the value of K, for various chim- 
ney gas temperatures and outside air tempera- 
tures, based on C, = 1.00, or a chimney gas density 
of 0.08071 lbs. per cu. ft. at 32 deg. Fahr. The 
curves show.that the value of K; increases until a 
certain chimney gas temperature is reached after 
which K, decreases in value. For an outside air 
temperature of 60 deg. Fahr., for example, K;, in- 
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creases until a chimney gas temperature of 580 
deg. Fahr. is reached after which its value de- 
creases. 

Equation 181 may be written 


Wa = 268.2 We A Re Po Ky H ; 186 


Hence, the actual capacity of the chimney is af- 
fected directly by the value of K,, decreasing as 
K, decreases and increasing as K, increases. 

It is obvious that the turning points of the 
curves represent the figure (chimney gas tem- 
perature) at which the chimney will attain its 
maximum capacity, or, in other words, the maxi- 
mum quantity of gases will be discharged at a 
chimney gas temperature represented by the turn- 
ing points. The turning points of the curves as 
represented by the chimney gas temperatures vary 
as the temperature of the outside air and also as 
the density of the chimney gases, the representa- 
tion in degrees decreasing as the temperature of 
the outside air decreases, but increasing as the 
density of the chimney gases increases. Thus, 
from Fig. 53 it will be seen that for a chimney gas 
density of 0.08071 lbs. per cu. ft. at 32 deg. Fahr., 
the turning point occurs at a chimney gas tem- 
perature of 580 deg. Fahr. and consequently the 
maximum capacity of the chimney will be attained 
at that temperature. For an outside air tempera- 
ture of 100 deg. Fahr., however, the maximum is 
reached at a chimney gas temperature of 660 deg. 
Fahr., and for an outside air temperature of 0 
deg. Fahr., at a chimney gas temperature of only 
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460 deg. Fahr. Again, for a chimney gas density 
of 0.0855 Ibs. per cu. ft. at 32 deg. Fahr., the 
maximum will be reached at a chimney gas tem- 
perature of 642 deg. Fahr. for an outside air tem- 
perature of 60 deg. Fahr., at 727 deg. Fahr. for an 
outside air temperature of 100 deg. Fahr., and at 
only 515 deg. Fahr. for an outside air temperature 
of 0 deg. Fahr. 

The turning points of the curves are found by 
finding the derivative of the function, placing 
equal to zero, and solving the resulting equation. 
The first derivative of equation 184 is equal to: 


dKt eg CeTe — To ae d on) 
dT. — # f TT. aT: (ToT 1Be 
SF ToT’e open) x CtToT*e —(CrTe — To) arr) 
Cris te siya 
188 
i Meld Bes 4 Gere — 2CrTe + a Wie 
— 1 eee i 
ede eee 7) x ( ToT ) i= 
dKe F : 
Now when Ve = 0, then Kt is a maximum 
ToT’e 1 CrTe — 2C:Te + 2To\ _ 
Then (a7) a) oe 
Whence C:Pe — 2CiTe + 2T. = 0 191 
and +CrTe = + 2To 192 
2To 2To We 
a nally ik C: We 193 


Therefore, K,, and also the capacity of a chimney, 
is a maximum when the absolute temperature of 
the chimney gases is equal to twice the absolute 
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temperature of the outside air divided by the ratio 
of the density of the outside air to the density of 
the chimney gases. 

This chimney gas temperature at which a chim- 
ney will attain its maximum capacity is of great 
importance in chimney design. It will be seen 
that for an outside air temperature of 60 deg. 
Fahr., the maximum ranges from 580 deg. Fahr. 
for a chimney gas density of 0.08071 lbs. per cu. ft. 
at 32 deg. Fahr. to 642 deg. Fahr. for a chimney 
gas density of 0.0855 Ibs. per cu. ft. at 32 deg. 
Fahr. Both above and below these figures, the 
capacity gradually decreases as the chimney gas 
temperature increases and diminishes. An inspec- 
tion of Fig. 53 will show that the value of K;, and 
the capacity of the chimney, decreases at a greater 
rate when the chimney gas temperature drops 
below the maximum figures than when it rises 
above the same figures. From the standpoint of 
economy, then, it is well to keep the temperature 
of the chimney gases as near as possible to the 
above figures depending upon the density of the 
gases. Fig. 54 gives the chimney gas temperatures 
at which the maximum is attained for various 
values of outside air temperatures and chimney 
gas densities. 


Example: Determine the chimney gas tempera- 
ture at which a chimney will attain its maximum 
capacity when the temperature of the outside air 
is 60 deg. Fahr. and the density of the chimney 
gases is equal to 0.0855 lbs. per cu. ft. at 32 deg. 
Fahr. 
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Temperature of outside air in degrees Fahr 


A241 
"920 360 400 440 480 520 560 600 640 680 720 
Chimney gas Temperature in degrees Fahr: 


Fig. 54. Chimney gas temperatures for maximum capacity. 


F ae CrTe — To 
Based on equation Kt = TT? 
2To 
Kt is a maximum when T. = Cc: 
From equation 185: 
0.08071 
Ct —— 0.0855 = 0.944 
Then from equation 193: 
eat SATU B= 
co —) lag 1100.8 deg. Fahr. absolute 


Whence te = 1100.9 — 459.6 = 641.2 deg. Fahr. 
If the temperature of the outside air is equal to 
100 deg. Fahr., 


wos babe 
ar err 1185.6 deg. absolute 


Whence te = 1185.6 — 459.6 = 726 deg. Fahr. 
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& The R, Factor 


An inspection of equation 181 will disclose the 
fact that the values of all of the various factors 
may be readily ascertained with the exception of 
R.. The quantity R, is a very important factor en- 
tering into the equation for the capacity of a chim- 
ney, yet very little attention is ordinarily paid to 
its value. This factor is usually referred to as the 
efficiency of the chimney and values of from 0.25 to 
0.35 have been assigned to it to express the relation 
between the actual and the theoretical amount of 
gases discharged by the chimney regardless of the 
many factors entering into its makeup. 

It is obvious that, since the capacity of a chim- 
ney varies as the velocity of the gases, the ratio of 
the actual capacity to the theoretical capacity 
should vary as the ratio of the actual or working 
velocity to the theoretical velocity. Whence: 


Wa Va 
ee hn 5 ae EN 194 


Fig. 55 gives the value of R, for various values 
of V, and V;. 

It is now necessary to establish some relation 
between the actual or working velocity and the 
theoretical velocity of the chimney gases. 

The fundamental equation for the loss of draft 
due to velocity as noted in Chapter III is as fol- 


lows: 
PTV‘ 
Po Te 2g 


hv = 0.1923 We 195 
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196 


Po Te 2g hy 
0.1923 We PT 


veav 


Whence 


Now since 


and 


197 


Then 


Whence, from equations 171 and 197 
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Theoretical Velocity. 
These curves may be used also in determining the value of Re. 
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Example 
Determine the capacity of a chimney from the 
following data: 
150 ft., height of chimney, 
6 ft., diameter of chimney, 
600 deg. Fahr., temp. of the chimney gases, 
60 deg. Fahr., temperature of outside air, 
0.0855 density of the chimney gases. 
Sea level atmospheric conditions. 
Assume h, = 0.10 inches of water. 


Now from equation 199: 
14.7 < 1059.6 X 0.10 © 


0.0855 
Re — 0.0268 
0.944 < 1059.6 
150 (“ae 51065 ae ) 
— 0.306 


From equation 182: 


Ke = 3942 X 0.0855 X 0.944 * 1059.6 — 519.6 
V At (519.6) (1059.6)’ 
= 0D 


Finally, from equation 183: 


Wa= 28.3 X 3.75 X 0.306 
= 82.6 pounds per second. 


It will be noted that all of the conditions can be 
ascertained with the exception of the loss of draft 
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due to velocity. The intensity of the working ve- 
locity is controlled by the intensity of this loss of 
draft. It will be developed in a later chapter that 
an economical velocity will be obtained when the 
loss of draft due to velocity is assumed at approxi- 
mately 0.10 inches of water. 

For a chimney gas density of 0.0855 pounds per 
cubic foot and an outside air temperature of 60 
deg. Fahr., the chimney will attain its maximum 
capacity when the temperature of the chimney 
gases is equal to 641.2 degrees Fahr. as noted in 
the example on page 194. In this case the capacity 
of the chimney is computed as follows: 

From equation 184: 


ae | 0.944 X 1100.8 — 519.6 
(519.6) (1100.8)? 


= 0.000908 


14.7 x 1100.8 x 0.10 
0.0855 


Re = 0.0268 


0.944 & 1100.8 
= 0.302 


Finally, from equation 186: 


Wa = 268.2 X 0.0855 X 28.8 X 0.802 < 0.000908 x 14.7 
X 12.25 
= 83 pounds per second 


Capacity Based on Horsepower Equivalent 
In coal fired installations, it is quite convenient 
to express the capacity of a chimney in terms of 
the horsepower equivalent of the boilers. 
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Let Wta= Ibs. of air required per lb. of coal for com- 
plete combustion, 
and Con = Ibs. of coal burned per b.h.p. per hour. 
Then Won = WtaCrn = Ibs. of gases formed per b.h.p. 
per hour. 
= Wa ws 38600W: 
Whence H.P. = Wa - Wn 200 
3600 
Re A We Po ae = =f 
P05 820 en) t (SE eo 
e < Po H 
— 965,520 PAW JE 202 
Won 
in which H.P.= horsepower equivalent of the chimney. 


It should be noted clearly that equation 202 gives 
the equivalent horsepower of a chimney. A b.h.p. 
is defined as the equivalent of the evaporation of 
34.5 lbs. of water per hour from a temperature of 
212 deg. Fahr. to steam at atmospheric pressure. 
The horsepower equivalent of a chimney is equal to 
the total weight of gases passing per second di- 
vided by the amount of gases formed per boiler 
horsepower per second. Expressing the capacity of 
a chimney in terms of the horsepower equivalent is 
done for convenience. <A direct reference as to 
general requirements can then be made from the 
horsepower of the boiler to the equivalent horse- 
power of the chimney. 

In equation 202, for a chimney gas temperature 
of 642 deg. Fahr., an outside air temperature of 
60 deg. Fahr., and a chimney gas density of 0.0855 
Ibs. per cu.ft. at 32 deg. Fahr., and P, = 14.7, 
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Ke = 0.000908 


Aal H 
aid atHP <2 t10ge Nees 203 
Won 


For a circular section based on the diameter, 


R-D*/ H 
HPs 864 204 
Won 


Fig. 57 gives the horsepower equivalent of a 
chimney for various values of R., Wy, D, and H, 
based on the conditions as noted. 


Use of Charts 


Figs. 56 and 57 will be.found quite useful for 
determining the capacity of a chimney,.based on 
Ibs. of gases discharged or moved per second and 
horsepower equivalent, respectively. The curves 
for Fig. 56 are based on the equation 


Wa = 268.2 ARc We Po Kt | H 


The dotted lines show how the capacity is found 
graphically for the example given on page 197. 
Entering the chart at the left hand side at a 
chimney gas temperature of 600 deg. Fahr., a 
straight line is then traced to the intersection of 
the curve for t, = 60 deg. Fahr. and W, = 0.0855, 
thence downward until the line for R.= 0.306 is 
reached, thence to the right to the intersection of 
the line for H=—150 ft. 0 in., thence downward 
to the intersection of the line for A = 28.3, and 
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finally to the right where the capacity is found to 
be 33 Ibs. per second. 
The curves for Fig. 57 are based on the equation 


RD*y| H 
Hep: — 864 EP. gee a 


and are for a chimney gas temperature of. 642 deg. 
Fahr. and an outside air temperature of 60 deg. 
Fahr. A chimney gas density of 0.0855 lbs. per 
cu. ft. at 32 deg. Fahr. has also been assumed. 
The dotted line shows how the capacity is deter- 
mined graphically for the same example as noted 
above, but with the additional factor that the 
furnace generates 100 lbs. of gases per horsepower 
per hour. Entering the chart at the bottom and 
to the right at a value of 100 for Wy, a straight 
line is then traced to the intersection of the curve 
for R. = 0.306, thence to the right to the intersec- 
tion of the line for H = 150 ft. 0 in., thence down- 
ward to the intersection of the line for D= 6 ft. 
0 in., and finally to the right where the capacity of 
the chimney is found to be approximately 1150 
horsepower equivalent. It should be noted that the : 
values for the horsepower equivalent as determined 
by the chart are based on a chimney gas tem- 
perature of 642 deg. Fahr. and an outside air 
temperature of 60 deg. Fahr. Any variation from 
these arbitrarily selected factors should be cor- 
rected. 

Both charts are also based on sea level at- 
mospheric conditions. 
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CHAPTER IX 


THE DIAMETER OR AREA OF THE CHIMNEY 


The theory for the capacity of an existing or 
“working” chimney was developed in detail in 
Chapter VIII under the assumption that the chim- 
ney itself was of sufficient size to accommodate 
and pass economically all of the gases generated 
by the furnace. In other words, it was assumed 
that the chimney was of such a height that it 
produced sufficient draft to overcome all of the 
draft losses or resistances offered to the gases 
as they passed through the installation, and that 
the diameter was sufficiently large so that the gases 
would be properly discharged under the conditions 
for which the structure was designed. It was also 
assumed that the chimney was working at actual 
capacity. 

It was shown that the capacity of a chimney 
could be expressed either in terms of pounds of 
gases moved or discharged per second, or in terms 
of the horsepower equivalent of the boilers. It 
can be proven that the capacity of a chimney in- 
creases as the temperature of the chimney gases 
increases until a certain maximum chimney gas 
temperature is reached, after which the capacity 
decreases, that the temperature of the outside air 
and the density of the chimney gases has no appre- 
ciable effect on the capacity; that the capacity in- 
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creases as the coefficient of friction decreases, but 
that the coefficient of friction doubtless remains 
constant regardless of the character of the ma- 
terials of which the chimney is built, since the 
inside surface of nearly all chimneys is usually 
covered with a heavy coat of soot; that the loss of 
draft due to friction increases as the actual ve- 
locity of the chimney gases increases, which in 
turn decreases the capacity of the chimney in spite 
of the fact that the working velocity theoretically 
increases the capacity; that the capacity increases 
as both the height and diameter increases; and 
that the capacity decreases as the atmospheric 
pressure decreases. 

In designing a new chimney, it was developed 
in Chapter VII that the height was equal to the re- 
quired theoretical draft divided by the theoretical 
draft per foot of chimney, or, in other words, the 
sum of the various losses of draft throughout the 
entire installation divided by the theoretical draft 
per foot of chimney, both based on the same oper- 
ating conditions. It was also brought out that the 
diameter of the chimney affected only the loss of 
draft due to friction and had no appreciable effect 
on the height over a small range of variation. 

Just as the height of a chimney was determined 
by the amount of draft required, so is the diameter 
of a chimney determined by the amount of gases it 
is required to pass. The height of the chimney 
was restricted by certain working conditions, as- 
sumed or otherwise, which were imposed upon it. 
Likewise, the diameter is restricted by these same 
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conditions, as well as others, the effect of which 
will now be discussed in detail. 


Diameter Based on Pounds of Gases Passing 
Per Second, W. 


Assuming, in equation 164, that 


W = Wa 
and V=Ve 
AV: W- Po 
Then Wa = 33.44 Se ce 205 
Wa Te 
nna Wyre asad Va Vee Pe =e 
Wa Te 
Se) posta LSI oF 8 207 
Brg Dy V 26.26 We Va Po 
ars 
= 208 
— 0,195 Dy eek eats 


All of the factors in equation 208 are known 
with the exception of V, which, in determining the 
diameter, is purely a matter of choice. It is obvious 
that the area, and consequently the diameter, will 
decrease as V, increases, and vice versa. In other 
words, a relatively small area, or diameter, will 
result when a relatively high velocity is assumed, 
and a relatively large area, or diameter, when a 
relatively low velocity is assumed. 

It will be developed in a later chapter that for 
each different assumed value for V, in connection 
with an arbitrarily selected set of operating condi- 
tions, a correspondingly different size of chimney 
will result. A size criterion will be established by 
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multiplying the height by the diameter, both ex- 
pressed in feet. It will be assumed that, all other 
conditions being equal, the relatively cheapest 
chimney in price will be the one whose product of 
diameter and height will be least. The approxi- 
mate chimney gas velocity which will result in a 
chimney whose product of diameter and height will 
be least for the set of operating conditions for 
which the size is being determined is given by the 
‘ equation: 


ie xe m Ka Kp Te ; 209 
0.375m (Xr+t) + 0.1761 + 0.284 Ks 


in which 
be Wa Te 

m= V 96.96 W. Po a 

hr + hp 
Kea— Sha, 211 

Wo We 

Kn 6.43) Bo es — i) PP 
Te = te + 459.6 213 
Xp=number of turns or bends incidental to 

breeching 


1 = length of breeching in feet. 


This equation is based on a number of qualifying 
factors which will be explained in a later chapter. 
The equation, however, is sufficiently accurate 
(within one-half of one per cent) for all practical 
purposes. 

In equation 209, the value of W, can be computed 
from an analysis of the fuel, the maximum rate of 
combustion and the area of the grates. W. can be 
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predicted with a fair degree of accuracy, hp can be 
ascertained from Fig. 38, hp must be obtained 
from the manufacturer of the boiler, X7 is known 
from the breeching layout, P, depends upon the 
elevation of the plant, and t, and t, must be judi- 
ciously assumed. ; 

Fig. 58 gives the area of the chimney for various 
values of W., T., W., and V,. 

The required diameter of a chimney may also be 
obtained from the equation for the capacity of a 
chimney. From equation 186: 


Wa —— ARcKweKt Ve 914 


in which Wa= lbs. of gases discharged or moved per sec- 
ond 
A=area of chimney in sq. ft. 


0.215 ./Pe Te hs 

Re= = PN 215 
02 CrTe 

Tea is (Cea 

or, the ratio of the working velocity of the chimney 


gases to the theoretical velocity, for a circular sec- 
tion, 


Kwe = 268.2 We Po 216 


Kes 4/O:Te—To 217 
ToTc 
and H = height of chimney in feet 
Wa 
Whence As 218 
ae ReKweKe J H 
and Di y vith Rh pee 219 


0.7854ReKweKe WV HE 


in which D = diameter of chimney in feet 
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Equation 219 is the fundamental equation for 
the diameter of a chimney, taking into considera- 
tion all of the observable conditions or factors as 
was done in the case of the required height of the 
chimney, and based on sea level atmospheric con- 
ditions. - 

This equation is much too unwieldly to handle 
in every-day practice and for this reason will be 
considerably simplified. 


Therefore let Ke= 0.7854ReKweKt 220 
Then Dp V Ws: — 221 
Ke¥ H 


Equation 221 gives the diameter of a chimney in 
its simplest form, based on the factors used in de- 
veloping the theory for the capacity of a chimney. 

In order to construct a set of curves which will 
give the diameter of the chimney for various 
values of W,, H, and K,, it will first be necessary 
to determine the limits of the K, factor. 

By examples it can be shown that under average 
working conditions, R. varies between 0.25 and 
0.35, with an average value of 0.30. For a chim- 
ney gas density of 0.08071 lbs. per cu.ft. at 32 deg. 
Fahr., K,. = 3943 < 0.08071 = 318; and for a 
chimney gas density of 0.0855, K,, = 3948 x 
0.0855 — 337. K,, then varies between 318 and 
337. 

For. a chimney gas temperature of 642 deg. 
Fahr., an average outside air temperature of 60 
deg. Fahr., and a chimney gas density of 0.0855 
Ibs. per cu. ft. at 32 deg. Fahr., 
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Ki — , |0.944 X 1101.6 — 519.6 
519.6 (1101.6) 


= 0.000908 


An inspection of Fig. 53 will disclose the fact that 
K, varies between 0.00080 and 0.00108 for ordi- 
nary working conditions with an average of ap- 
proximately 0.00090 as above noted. 

From the above data, then, an average working 
value for K, is equal to 0.7854 x 0.30 * 837 x 
0.00090 = 0.072. For a minimum value, K, = 
0.7854 < 0.25 x 318 x 0.00080 = 0.05; and for a 
maximum value, K, = 0.7854 & 0.85 x 337 x 
0.00108 = 0.10. K, then will vary between 0.05 
and 0.10 with an average working value of 0.072. 
Fig. 59 gives the diameter of a chimney, D, for 
various values of W., H, and K.. Fig. 60 gives the 
value of K.. 


Example: Determine the required diameter of a 
chimney for the following working conditions: 


150 lbs. of gases moved or discharged per sec- 


ond, 
0.0855 density of the chimney gases in lbs. per cu. 
ft. at 32 deg. Fahr., 
0.40 Inches of water, loss through fuel bed, 
0.60 Inches of water, loss through boiler, 
600 deg. Fahr., chimney gas temperature, 
60 deg. Fahr., outside air temperature, 
Sea level atmospheric conditions. 
25 feet length of breeching, 


1 turn or bend. 
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> « 


COR UE TORU 9b eect ae Suwa 4 ARSE sons 
; Solution 
From equation 210: 


150 X 1059.6 
m= Se Se SS EE re 
\ 36.26 X 0.0855 M147 


From equation 212: 


0.08071 0.0855 
Kp= 6.438 X 14.7 < ( 519.6 1059.6 
4 = 0.00706 


From equation 211: 


0.40 + 0.60 


Kx = 0.00706 


= AAT 


Whence from equation 209: 


Va 69.5 X 141 & 0.00706 « 1959.6 
0.375 & 69.5 X 2+ 0.176 X 25 + 0.284 & 141 


= 28.6 feet per second. 


Ps he. 


and from equation 208: 


150 X 1059.6 
0.0855 & 28.6 & 14.7 


D = 0.195 | 
=F oeeeta 


Diameter Based on the Horsepower Equivalent 
of the Boilers 
From equation 200: 
ARcKweKt 4] H- 
Won 
H.P. Won 
3600RceKweKt V 


and j= Ny} H.P. Win es oe 
0.7854 3600RcKweKt 4] H 


H.P. = 3600 222 


Whenes A= 223 


214 DRAFT AND CAPACITY OF CHIMNEYS 


Let Ky = 218A X S600R Reve = = 
bh 
_ 8600K- 4 


Won 


Then Dee AE - Va 227 
hp 


The limits for K,, are found as follows: Assum- 
ing average conditions, let 


Wor = 100 
Now for We = 0.0855 Kwe = 337 
Assume Re = 0.30 


Also for te = 600 deg. Fahr., To—60 deg. Fahr., 
and W- = 0.0855, 
Kr = 0.000906 


Then Kup = OTB OE SOOO KOO SET 0.000008 


= 2.6 


For a minimum value, then, 


3600 X 0.05 


oe 120 


==31.5 


and for a maximum value 


3600 x 0.10 


np 50 


sy. 
K, then will vary between 1.5 and 7.2 with an 


average for average operating conditions of 2.6. 
Fig. 61 gives the diameter of a chimney, D, for 
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Values of Ke 


Win 
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Won 


3600Ke 


0.7854RceKwcKe and 


Fig. 69. Values of Ke and K»p for various values of Kt Re, Kwe and Won. 


Valves of Ky 


Based on equations K- 
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various values of H.P., K,,, and H. Fig. 60 gives 
the value of Ky. 

The above theory is given only as a matter of 
interest. It is not recommended that the diameter 
of a chimney be based on the horse-power equiva- 
lent of the boilers. This seems to have been the 
practice in the past and no doubt has led to many 
badly proportioned chimneys. This subject will be 
discussed at length in a later chapter. 


Use of Charts 

Figs. 59, 60, and 61 will be found of great help 
in determining the required diameter of a chim- 
ney. Chart 59 gives the diameter of a chimney 
for various values of W., K., and H; chart 61 
gives the diameter for various values of H.P., K,,, 
and H; and chart 60 gives the value of both K, and 
K,, for various values of K,, R., Ky., and Win. In 
Fig. 60, the values of K, for various values of 
chimney gas temperatures and four values of W, 
corresponding to the same four values used in the 
K,,. lines, together with an outside air tempera- 
ture of 60 deg. Fahr., are also shown. 


CHAPTER X 


THE CHIMNEY HORSEPOWER FALLACY 


In the past, several methods which have been 
more or less open to question, have been developed 
for determining the proper size of a chimney, but 
none has produced more unsatisfactory results, 
none resulted in more improper sizes, than that 
of determining the height and diameter of a chim- 
ney from an arbitrarily constructed table of ‘“chim- 
ney horsepowers.” In the first place there is no: 
such term as “chimney horsepower” or ‘“horse- 
power of a chimney.”’ Such a phrase is absolutely 
meaningless. What is actually meant is that the 
chimney is to be of such a size that it will properly 
pass or discharge the same amount of gases that 
are passed to it by a boiler or set of boilers of a 
certain total maximum horsepower. The gases are 
formed in the combustion chamber, pass on 
through the several passes of the boiler or boilers, 
and are finally received by the chimney. 

Manifestly it is necessary for the chimney to take 
care of these gases, that is to say, take them away 
at such a rate that space may be provided so that 
others can be accommodated properly, under the 
conditions to which the chimney itself is subjected. 
This rate is the same as that at which the gases are 
formed or generated in the combustion chamber. 


For example: If gases are formed in the combus- 
é 
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tion chamber at the rate of 100 lbs. per second 
and pass on through the boiler at this same rate, 
then the chimney must be of such a size that it will 
take away these gases from the boiler and dis- 
charge them into the upper regions at this same 
rate, viz: 100 lbs. per second; all under the restric- 
tions which are arbitrarily imposed upon the chim- 
ney itself. When the diameter of a chimney is based 
on the same rate at which the gases are formed in 
the combustion chamber, there are no qualifying 
factors to be taken into consideration such as are 
necessary when the diameter is based on the horse- 
power equivalent. In the second place, selecting a 
size of chimney for a specific set of operating con- 
ditions from a table of “chimney horsepowers”’ is 
extremely dangerous practice since the height, 
which is dependent upon the amount of draft losses 
throughout the installation, may not be sufficient to 
create the required amount of draft to overcome 
these various resistances. The horsepower equiva- 
lent of a chimney does not determine the required 
height of a chimney. The height is determined 
only by the total amount of draft required. 

As noted heretofore, by “horsepower equivalent” 
of a chimney is meant that the chimney will accom- 
modate the gases at the same rate as a boiler, or set 
of boilers, of a certain boiler horsepower. The 
horsepower equivalent is a factor in determining 
the diameter of the chimney and has nothing what- 
ever to do in determining the height. 

In designing boilers, it is necessary to assume a 
certain rate at which the gases will be generated, 
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speaking in terms of boiler horsepower. This rate 
is expressed as so many pounds of gases per boiler 
coal burned per boiler horsepower per hour. If 
C.n = pounds of coal burned per boiler horespower 
per hour, and W,, = the pounds of air required per 
pound of coal for complete combustion, then Wr, = 
W.. Con = pounds of gases per b.h.p. per hour. 

Now since W,= pounds of gases formed per 
second in the combustion chamber, then 


Wa: 
3600W: 
H:P3= Wits — Waka 228 
3600 


The horsepower of the boilers then is equal to 
3600 times the rate per second at which the gases 
are generated in the combustion chamber, divided 
by the amount of gases formed per boiler horse- 
power per hour. Since these gases pass on into the 
chimney and must be accommodated by the latter at 
the same rate, the term “horsepower” is usually 
passed on to the chimney itself. If operating con- 
ditions were absolutely constant throughout the 
year and were also constant and similar for every 
plant regardless of size or any other condition, 
then a table of chimney sizes for boiler horsepowers 
would be of great advantage. But such is not the 
case; operating conditions are constantly changing. 
Boilers are being operated at ratings many times 
those of a few years ago; draft resistances or losses 
are much greater than formerly because of larger 
boilers and more complicated methods of baffling; 
breechings are longer; and many other changed 
conditions all tend to render worse than useless a 
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table of chimney sizes based on boiler horsepowers. 
Most important of all is the fact that such a table 
of chimney sizes is necessarily based on one, and 
only one, set of operating conditions, and a varia- 
tion in only one of the factors entering into the 
equation for either the height or the diameter of 
the chimney must of necessity change the figures in 
the table entirely. 

It is the author’s contention that the size of a 
chimney should never under any circumstances be 
based on a chimney horsepower or a boiler horse- 
power table. The practice is dangerous and more 
often than not will result in a size that is totally un- 
fit for the conditions under which the chimney is to 
operate. 

For the primary and only purpose of showing 
how a table of chimney sizes for boiler horsepowers 
will lead to totally unfit sizes or results, such a table 
will be constructed, a typical problem solved from 
it and then checked by comparing it With a set of 
actual operating conditions. 


ee Wes AR-Ky-Ke \. H 229 

Then Hp, = 3600 ARKeKe\ H_ 230 
Win 

_ 2827 ReKw-Ks ss sa 

= KwD? 4) H_ 232 


Now for a chimney gas density of 0.0855 lbs. per 
cu. ft. at 32 deg. Fahr., a chimney gas temperature 
of 600 deg. Fahr., and an outside air temperature 
of 60 deg. Fahr., 
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Ke —,/ 9-944 X 1059.6 — 519.6 
519.6 (1059.6)? 


= 0.000906 


For a chimney gas density of 0.0855 Ibs. per cu. 
ft. at 32 deg. Fahr. 
Kwe = 3943 X 0.0855 
= 337 


For a rate of combustion of 5 lbs. of coal per 
b.h.p. per hour, and assuming that 20 lbs. of air 
per lb. of coal is required for complete combustion. 

Worn = 5 X 20 
— 100 


Finally, assume arbitrarily 
Re ='0.29 


Then assuming that the above represents a set 
of constants for an average set of working condi- 
tions. : 


2827 X 0.29 X 337 X 0.000906 


aS 100 


= 2.5 


Table.18, which has been constructed for illus- 
trating various points in the text and is not offered 
for general use, gives the horsepower equivalent of 
the chimney for. various heights and diameters, or 
the diameter and height for various boiler horse- 
powers or chimney horsepower equivalents, based 
on the value of 2.5 for K,,. Fig. 62 shows the 
curves for these values. 

It should be noted clearly that the values as 
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given by the Table are true only for the particular 
set of operating conditions noted heretofore, or 
for any other similar set of operating conditions 
which will give a value of 2.5 for K,,. When the 
value of K,, is less than 2.5, then the horsepower 
equivalent is less than the values shown in the 
Table, and conversely when the value is greater ~ 
than 2.5, the horsepower equivalent is greater. 

An example will illustrate the above facts clear- 
ly: 

A common request for a size of chimney is as 
follows: Give size of chimney required for two 
600 h.p. boilers when run at 250 per cent rating. 

The total maximum horsepower of the boilers is 

2 X 600 X 2.5 = 8000 horsepower 


This figure is also the horsepower equivalent of 
the chimney. 

Consulting Table 13, it will be found that the 
following sizes will apparently answer the pur- 
pose: 


C50ptt. Obi. 52100 tta.0 in: 
Dette. Olin <n 9) it. 1Go1n: 
PO0Ontts Osin, 9) it. Gin: 
DO peita Onin en On ttenO sin: 
PAKU rare) shi ee Aa obey 


Considering the lack of sufficient data, which 
should have been given, it is of necessity left to the 
judgment of the designer to select or guess at the 
proper size. Let it be assumed for the sake of an 
argument that the size of the chimney selected is 
200 ft.x9 ft. 6 in. So far, so good. Now upon 
further investigation, it is found that the various 
losses of draft are as follows: 
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0.40 in. of water 
0.55 in. of water 


Loss of draft through the fuel bed, 
Loss of draft through the boiler, 
Loss of draft through the breeching, 0.20 in. of water 
Loss of draft due to bends, 0.15 in. of water 
Total loss due to these four factors no 
or required draft at breeching en- 
trance of chimney 


HN A Tl 


1.30 in. of water 


I 


The losses due to friction and velocity in the 
chimney are of course unknown since the actual 
size of the chimney itself is unknown, and it is 
therefore necessary to assume tentative values for 
these two factors. Therefore assume 


Loss of draft due to friction = 0.15 in. of water 
Loss of draft due to velocity = 0.10 in. of water 
Whence, total loss of draft (trial) = 1.55 in. of water 


Let it also be assumed that the temperature of 
the chimney gases is equal to 550 deg. Fahr., the 
density of the chimney gases 0.0855 lbs. per cu. ft. 
at 32 deg. Fahr., and the temperature of the out- 
side air 60 deg. Fahr. Assuming sea level atmos- 
pheric conditions, the theoretical draft per foot of 
chimney is equal to 


Kp = 6.43 X 14.7 X (Ganc 0.0855 


519.6 1009.6 


= 94.52 * 0.0000706 
= 0.00667 in. of water 


Whence the required height, H (trial) 


1.55 
= D007 = 232 ft. 


Let it be assumed, for the moment, that the di- 
ameter as determined by the Table is correct, and 


also that the gases are formed in the combustion 
chamber at the rate of 85 pounds per second and 
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pass on through the chimney at this same rate. 
Then, from equation 68, the loss of draft due to 
friction equals 


iS (85)? X 1009.6 X 232 
= 0.000579 X 0.016 X TE75<(9.5)* < 0.0855 


= 0.16 in. of water 


he 


and from equation 44 the loss due to velocity equals 


Ad (85)? & 1009.6 
hy = 0.000145 x 14.7 < (9.5)* & 0.0855 
= 0.10 in. of water 


Since these two values are practically equal to 
the assumed losses, the conditions of the problem 
are satisfied and the required height of the chim- 
ney is equal to 282 ft. 

The diameter of the chimney as given by the 
Table will now be checked: 


Now Kwe = 3943 x< 0.0855 
= 337 
Ad Ke =| 0.944 X 1000.6 — 519.6 
519.6 X (1009.6)? 
— 0.000904 
0.215 A 14.7 X 1009.6 X 0.10 
4 0.0855 
oy 0.944 X 1009.6 
8.02 0.944 X 1009.6 _ 
v/ 282 ( 519.6 1 ) 
28.4 
cpu ae 
hen Kc = 0.7854 < 337 X 0.254 < 0.000904 
— 0.0606 
85 
and finally D= 4 =—=)9 Gabbe 


0.0606] 939 
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or from equation 208: 


D = 0.195 | 85 < 1009.6 —9.6 ft. 
0.0855 X 28.4 X 14.7 


which checks the assumed value of the diameter 
taken from the Table. 

Therefore, the required size of the chimney, 
after the true operating conditions had been deter- 
mined, is found to be 232 ft. x 9 ft. 6 in. instead of 
200 ft. x 9 ft. 6 in. as selected from the Table. The 
size of chimney selected from the tentative sizes as 
given by the Table happened to be a fairly judi- 
cious one. Had the 150 ft. x. 10 ft. or the 175 ft. x 
9 ft. 6 in. size been selected, the height would have 
been entirely too short, and had the 225 ft. x 9 ft. 
or the 250 ft. x. 9 ft. size been selected, the diam- 
eter would have been too small. 

From the above computations, it might be in- 
ferred that determining the required height and 
diameter of a chimney is a rather extended and 
long-drawnout process and that such refinement in 
computations, particularly in the case of the small- 
er sizes, is not warranted, due to the fact that there 
will not be much of a practical variation from that 
taken from a table of chimney sizes for boiler 
horsepowers. Such, however, is not the case. A 
table, such as that given on page 223, for example, 
seldom has any notation giving the operating con- 
ditions for which it has been constructed, other 
than the statement that a certain number of 
pounds of coal has been assumed per boiler horse- 
power per hour. No mention is ordinarily made 
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of the pounds of air required per pound of coal for 
complete combustion, or the pounds of gases per 
boiler horsepower per hour, the temperature of 
the chimney gases, the temperature of the outside 
air, the density of the chimney gases, the coefficient 
of friction, the required draft at the breeching en- 
trance of the chimney, the atmospheric pressure, 
or any other required condition. Each of the fac- 
tors noted affects both the required height and 
diameter. If a value is assigned to each of these 
factors, a value computed for K,,, and a table is 
constructed based on this particular value, the 
corresponding horsepower equivalents then apply 
only to this particular set of operating conditions. 
When the value of any one factor varies, the value 
of K,, varies and the horsepower equivalent is 
changed as a result. It is possible for horsepower 
equivalents in a table to vary as much as 100 per 
cent from the actual figure due to a variation in 
the operating conditions. If a set of curves is con- 
structed, such as those given in the previous chap- 
ter, which will take into consideration all of the 
factors entering into the equation for the horse- 
power equivalent of a chimney, then a proper size 
can be determined. In a table, however, such as 
that given by Table 18, this cannot be done even 
approximately. 

Another equation for determining the diameter 
of a chimney based on the horsepower of the boil- 
ers commonly encountered is as follows: 


De 263 }(H.P.) 7” 233 
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in which D = diameter in inches, 
or D = 0.39 (H.P.) 7” 234 
in which D=diameter in feet. 

The coefficients 4.68 and 0.39 are for an unlined 
steel chimney. For a brick or brick lined chimney, 


the coefficients usually given are 4.92 and 0.41, re- 
spectively. 


Whence, from equation 234: 


bh D\5 
HP = A (sas) 235 


— 10.54D?+/ D 236 
For a coefficient of 0.41: 
HP: = 98 Alo: 237 


An equation of this type is derived as follows: 
The fundamental equation for the loss of draft 
due to friction for a circular duct is 


hr = 0.000579 f W* Te L 
Pa Wilke 9 Gras bE We Be 
+ Pe Dihe We 
pon W' = 9900579 fT. L 238 
: H.P. Won 
Now since Wa= Tre 
Then HF We) eh pep he We 
3600 — 0.000579 f T. L 
and H.P, — «/ (8600)* D® hr W. Po 


0.000579 W*n f T. L a 


It is now necessary to assign numerical values to 
most of the factors underneath the radical sign in 
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order to eliminate all but D. Hence assume the 
following values: 
hr = 0.10 in. of water 
We = 0.0855 lbs. per. cu. ft. at 832 deg. Fahr. 
Won = 120 Ibs. of gases per b.h.p. per hour 
= 0.016 
Po = 14.7 Ibs. per sq. in. 
Te = (600 + 459.6) = 1059.6 deg. Fahr. 
Ti 100° £t. 


The above figures might be said to represent an 
average set of working conditions commonly met 
with in ordinary practice. Substituting these 
values in equation 239 and reducing: 


H.P.= 10.7 D® 240 


Fig. 63 gives the value of H.P. for various val- 
ues of D as computed from equation 234. 

The method of determining the diameter of a 
chimney from the horsepower of the boilers, or the 
horsepower equivalent of the chimney, as given by 
equations 236, 237 and 240, is subject to even 
greater criticism than that given by equation 232. 
Each of the seven factors to which values have 
been assigned will vary greatly as working condi- 
tions change, and as a consequence the horsepower 
equivalent of the chimney will vary greatly. 

For example, h, may vary from 0.04 to as much 
as 0.30 in. of water; W., from 0.08071 to 0.0855 
Ibs. per cu. ft. at 32 deg. Fahr., or greater; Wi, 
from 50 to 120 lbs. of gases per b.h.p. per hour; 
P,, trom 12.5 or less to 14.7 Ibs. per sq. in.; T., 
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Fig. 63. Diameter of Chimney for Various Horespowers of 
Boilers, or Horsepower Equivalents of Chimneys. 
Based on Equation D = 0.39 °{/ (H.P.)? 


Note: Do not use this curve for general practice. 
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from a figure as low as 809.6 (350+ 459.6) to 
1459.6 (1000 + 459.6), or greater; and L, from 
75 to 350 ft., or even higher. If h, is equal to 0.20 
in. of water, as is often the case with a tall chim- 
ney, and the rest of the assumptions remain con- 
stant, then the coefficient before the radical sign in 
equation 240 will equal 15.2. If W,. is equal to 
0.08071, the coefficient will equal 10.4. If Ws, is 
equal to 100, the coefficient will equal 12.9. If Wi: 
is equal to 80, the coefficient will equal 16.4. If P, 
is equal to 13.5, the coefficient will equal 11.2. If 
T. is equal to 859.6 (400 + 459.6), the coefficient 
will equal 11.9. If T, is equal to 1259.6 (800 + 
459.6), the coefficient will equal 9.8. If L is equal 
to 200, the coefficient will equal 7.6. If L is equal 
to 350, the coefficient will equal 5.7. 

Countless combinations could be given whereby 
this coefficient would vary as much as fifty per cent 
from that given in equations 236, 237 and 240. 
Sufficient have been given, however, to show that 
determining the diameter, or horsepower equiva- 
lent of a chimney by this type of equation gives 
results that may be worse than pure guesses. As 
a matter of fact, in extreme cases, not even ap- 
proximate results are obtained. 

Several other formulas or equations are in exis- 
tance for determining the diameter, or horsepower 
equivalent, of a chimney which contain a coeffi- 
cient that is as variable as the weather but con- 
cerning which nothing whatsoever is mentioned, 
leaving only the impression that the equation is a 
- hard and fast one from which reliable results may 
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be obtained at all times regardless of the condi- 
tions under which the plant is operating. 

Again let it be stated with great emphasis that 
the required height of a chimney can be determined 
only from the amount of required draft and the di- 
ameter only from the amount of gases generated 
in the combustion chamber, and under no condi- 
tions should either the diameter or the height be 
based on the horsepower of the boilers. 


CHAPTER XI 


ALTITUDE AND ITS EFFECT 


In the derivation of the equations made hereto- 
fore for the draft and capacity, and also the 
height and diameter, of a chimney, it has been as- 
sumed that the chimney itself is located at sea 
level and consequently is under what is usually 
termed standard, or sea level, atmospheric condi- 
tions. The atmospheric pressure at sea level is 
equal to 14.7 lbs. per sq.in., or 2116.8 Ibs. per sq. 
ft. This value expressed in barometric pressure is 
equal to 29.92, or practically 30.00 in. of mercury. 
Normally, pressures above that noted would indi- 
cate that the location of the chimney is below sea 
level, and pressures below this figure would indi- 
cate that the chimney is at an elevation. Local 
weather conditions, however, often affect the at- 
mospheric pressure for a relatively short period of 
time, but such variations may be disregarded en- 
tirely since they have only a temporary effect on 
the performance of a chimney. In this text it has 
been assumed that the normal barometric pressure 
at sea level is equal to 29.92 in. of mercury and that 
all elevations have a normal barometric pressure as 
given by the equation noted below, the effect of the 
variations due to the weather being disregarded en- 
tirely. 

There is a definite and constant relation between 
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altitude and atmospheric pressure expressed in 
pounds per square inch, or barometric pressure ex- 
pressed in inches of mercury. This relation is ex- 
pressed by the equation 


Ku 62a lor. ee 241 


in which E,= altitude above sea level in feet 


Bo = observed barometric pressure in inches of 
mercury 


This equation is based on a mean outside air tem- 
perature of 50 deg. Fahr., but no allowance made 
for humidity. 

Since the normal atmospheric pressure at sea 
level is equal to 14.7 lbs. per sq.in., or 29.92 in. of 
mercury, then 


Po = 0.491Bo 242 
and Bo= 2.035Po 243 
es me 
g 240 ; 
ee 40% 
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Fig. 64. Relation of barometric pressure and atmospheric 
pressure to altitude. 


29.92 
Bo 


Based on equation E, = 62,737 log. 
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TABLE 14 
ALTITUDES FOR VARIOUS ATMOSPHERIC AND BAROMETRIC 
PRESSURES 
; 29.92 
Based on equation E, = 62,737 log. B 
Bo Po E, Bo Po 1D 

29.92 14.70 0 27.0 13.26 2797 
29.9 14.69 18 26.9 ero? 2898 
29.8 14.64 109 26.8 isl 8000 
29.7 14.60 201 26.7 133) 3102 
29.6 14.55 293 26.6 13.07 8204 
29.5 14.50 885 26.5 13.02 3306 
29.4 14.45 478 26.4 12.97 8409 
29.3 14.40 572 26.3 12.92 3513 
29.2 14.35 665 26.2 12.87 3618 
29.1 14.30 758 26.1 12.82 3723 
29.0 14.25 851 26.0 12.78 3828 
28.9 14.20 944 25.9 DATS 3932 
28.8 14.15 1038 25.8 12.68 4037 
28.7 ive ables: PASE 12.63 4143 
28.6 14.05 1228 25.6 12.58 4249 
28.5 14.00 1824 25.5 12.538 4355 
28.4 13.96 1420 25.4 12.48 4462 
28.3 LSCOW 1516 25.3 oS 4570 
28.2 13.86 1612 Dee, 12.38 4678 
28.1 bee 1709 PAsyppt VARS 4786 
28.0 13.76 1806 25.0 12.28 4894 
27.9 US Al 1903 24.9 ie 50038 
27.8 13.06 2001 24.8 12.18 5113 
les 13.61 2099 24.7 ae 3 5223 
27.6 13.56 2198 24.6 12.09 5334 
Bie TSS 2297 24.5 12.04 5445 
27.4 13.46 2397 24.4 11.99 5557 
27.3 13.41 2497 24.3 11.94 5669 
27.2 13236) 2597 2a 11.89 5780 
PAT ab ViGeBL — PXahe Wve 24.1 11.84 5894 


24.0 TS 6008 


Table 14 gives the altitude for various baro- 
metric pressures expressed in inches of mercury, 
together with the corresponding pressures ex- 
pressed in pounds per square inch. Fig. 64 shows 
the general relation between altitude and pressure. 
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It will be seen that the altitude does not vary di- 
rectly as the atmospheric pressure. The curve rep- 
resenting this variation is slightly concave down- 
ward. This is due to the fact that the altitude 
varies as the logarithm of a ratio and therefore 
cannot be expressed as a straight line when plotted 
on the ordinary co-ordinates. The deviation from 
a straight line, however, is very slight. 

Table 15 gives the approximate elevations above 
sea level of various cities throughout the United 
States. These elevations were taken from various 
pamphlets which were issued by The U. S. Weather 
Bureau to which due credit should be given for 
this very important information. This table will 
be found to be of immense value in determining 
whether an elevation has an appreciable effect on 
the size or performance of a chimney. 


Effect of Altitude, or a Variation in: Atmospheric 
Pressure, on Draft 


In the case of draft, the density of the outside 
air decreases as the altitude increases and conse- 
quently the difference in pressure decreases, pro- 
vided the density of the chimney gases does not 
undergo a change. If the density of the chimney 
gases also decreases, there will still be a variation 
in the difference in pressure, but the relative differ- 
ence will not be as great. In any case, then, the 
draft of a chimney decreases as the altitude of the 
plant increases and as the barometric or atmos- 
pheric pressure decreases. In the derivation of the 


ee re 


APPROXIMATE ELEVATION OF CITIES ABOVE SEA LEVEL 


EEE 


City 
Abilene, Tex. 
Amarillo, Tex. 
Asheville, N. C. 
Atlanta, Ga. 
Atlantic City, N. J. 
Baker City, Ore. 
Bismarck, N. Dak. 
Boise, Idaho 
Boston, Mass. 
Brownsville, Tex. 
Buffalo, N. Y. 
Cairo, Il. 
Charles City, Iowa 
Charleston, S. C. 
Chattanooga, Tenn. 
Cheyenne, Wyo. 
Chicago, Ill. 
Cincinnati, Ohio 
Cleveland, Ohio 
Columbia, Mo. 
Columbus, Ohio 
Concordia, Kan. 
Corpus Christi, Tex. 
Dallas, Tex. 
Davenport, Iowa 
Del Rio, Tex. 
Denver, Colo. 
Des Moines, Iowa 
Detroit, Mich. 


Devils Lake, N. Dak. 


Dodge City, Kan. 
Dubuque, Iowa 
Duluth, Minn. 
Eastport, Maine 
Hi] Paso, Tex. 
Eureka, Cal. 
Evansville, Ind. 
Flagstaff, Ariz. 
Fort Smith, Ark. 
Fort Wayne, Ind. 
Fresno, Cal. 
Galveston, Tex. 
Goodland, Kan. 


Grand Junction, Colo. 


Grand Rapids, Mich. 
Green Bay, Wis. 
Harrisburg, Penn. 
Hatteras, N. C. 
Havre, Mont. 
Helena, Mont. 
Huron, 8S. Dak. 
Indianapolis, Ind. 
Jacksonville, Fla. 
Kalispell, Mont. 
Kansas City, Mo. 
Keokuk, Iowa 
Knoxville, Tenn. 
Lander, Wyo. 
Lexington, Ky. 


City 
Little Rock, Ark. 
Los Angeles, Cal. 
Louisville, Ky. 
Madison, Wis. 
Memphis, Tenn. 
Mobile, Ala. 
Montgomery, Ala. 
Moorhead, Minn. 
Nashville, Tenn. 
New Orleans, La. 
New York City, N. Y. 
Norfolk, Va. 
Northfield, Vt. 
North Platte, Neb. 
Oklahoma City, Okla. 
Omaha, Neb. 
Palestine, Tex. 
Parkersburg, W. Va. 
Peoria, Ill. 
Philadelphia, Penn. 
Phoenix, Ariz. 
Pittsburgh, Penn. 
Pocatello, Idaho 
Portland, Ore. 
Pueblo, Colo. 
Raleigh, N. C. 
Rapid City, S. Dak. 
Red Bluff, Cal. 
Roseburg, Ore. 
Roswell, N. Mex. 
St. Joseph, Mo. 
St. Paul, Minn. 
St. Louis, Mo. 
Salt Lake City, Utah 
San Antonio, Tex. 
San Diego, Cal. 
San Francisco, Cal. 
Santa Fe, N. Mex. 


Sault Ste. Marie, Mich. 


Seattle, Wash. 
Sheridan, Wyo. 
Shreveport, La. 
Sioux City, Iowa 
Spokane, Wash. 
Springfield, Il. 
Springfield, Mo. 
Tampa, Fla. 
Tatoosh Island, Wash. 
Terre Haute, Ind. 
Toledo, Ohio 
Valentine, Neb. 
Vicksburg, Miss. 
Washington, D. C. 
Wichita, Kan. 
Williston, N. Dak. 
Winnemucea, Ney. 
Wytheville, Va. 
Yellowstone, Wyo. 
Yuma, Ariz. 


Elev. 
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equation for the draft of a chimney, it was assumed 
that the density of both the outside air and the 
chimney gases varied directly as the change in at- 
mospheric pressure. Hence the draft will vary di- 
rectly as the atmospheric pressure, but not directly 
as the altitude. The theoretical draft of a chimney 
is given by the equation: 


D: = 0.1923HT =r : —w) 244 

= fi 0.1923HT (7 = 7) ] 245 

or jah Fe [ o.192sHr7 ( — 7) | 246 
Let == =R 247 
es St S =i Dae 248 


B 


in which Dex = theoretical draft at the altitude correspond- 
ing to an atmospheric pressure of Po, or a 
barometric pressure of Bo. 


The available draft of a chimney is given by the 
equation: 
Da as D: — (he an hy) 


Po Wo We Po ah Wa 

==): i aes pees 

1923HT 5 ( tT. — a ) (0.1923 Welploe 

: T V% L 
0.1993 £ Web aT o5 Ge 249 
ee Po P. 
= Dy p— (ae +h) 250 
_P. 
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== [ D: eis) | 252 
Then, as before, 
ha hE a A al 2 Se 
De=Di [= Di=p= DR 253 


in which Dax= available draft at the altitude correspond- 
ing to an atmospheric pressure of Po, or a 
barometric pressure of Bo 


The draft, theoretical and available, of a chimney 
varies directly as the ratio of the atmospheric or 
barometric pressure at altitude to that at sea level. 
Fig. 65 gives the ratio or correction factor for the 
theoretical and available draft of a chimney for the 
altitudes and pressures as noted. 


Example 

If the theoretical draft of a chimney 140 ft. high 
designed for sea level atmospheric conditions is 
equal to 1.00 in. of water, what will be the intensity 
of the draft of this same chimney at an altitude or 
elevation of 766 ft. above sea level? 


Solution 

From Table 14, the barometric pressure corres-- 
ponding to an elevation of 766 ft. above sea level is 
equal to approximately 29.1 in. of mercury. Whence 
the corrected draft is equal to 


12007 5< aoa = 0.973 in. of water 


Or, from Fig. 65, the ratio or correction factor 
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for an elevation of approximately 800 feet above 
sea level is equal to 0.97. Whence 
Dix = 1.00 & 0.97 = 0.97 inches of water 


Effect of Altitude, or a Variation in Atmospheric 
Pressure, on the Height of a Chimney 
Since the draft of a chimney decreases as the al- 
titude increases and as the atmospheric pressure 
decreases, it follows that the height of a chimney 
must be increased in order that the required 
amount of draft may still be maintained. The re- 
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Fig. 65. Ratio or correction factor for draft for variation in 
atmospheric pressure. 


quired height of a chimney is given by the equa- 
tion: 


D: 
Biss == 5 
ak 1923T : =) oa 
(Gee ae) | 
= = 255 
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in which Hx = required height of chimney at the altitude 
corresponding to an atmospheric pressure 
of Po, or a barometric pressure of Bo 
The required height of a chimney then varies in- 
versely as the ratio of the atmospheric pressure at 
altitude to that at sea level. 
Fig. 66 gives the ratio or correction factor for 
the required height of a chimney for the altitudes 
and atmospheric pressures noted. 


Example 

A chimney 150 ft. high designed for sea-level at- 
mospheric conditions creates a theoretical draft of 
1.059 in. of water under certain specific conditions. 
What will be the required height of chimney to pro- 
duce the same amount of draft at an altitude of 
765 ft. above sea level? 


Solution 

From Table 14, the barometric pressure corres- 
ponding to an elevation of 765 ft. is equal to ap- 
proximately 29.1 in. of mercury. Whence: 


29.92 ae aa 
Or, from Fig. 66, the ratio factor for an elevation 
of approximately 800 feet is equal to 1.03. Whence: 


Hx = 150 X 1.083 = 154.5 ft. 


In the above analysis, it has been assumed that 
the draft is constant for a given rate of combustion 
and for a given rate of operation of the boilers, and 
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that a change in altitude has no effect other than 
a change in the density of both the outside air and 
the chimney gases. It will be noted that a variation 
in the altitude has an appreciable effect on the re- 
quired height of a chimney even for elevations as 
low as 500 ft. above sea level. The increase in 
height amounts to about 4 per cent for an elevation 
of 1000 ft., 8 per cent for an elevation of 2000 ft., 
12 per cent for an elevation of 3000 ft., and so on, 
or an average of about 4 per cent per 1000 ft. in- 
crease in altitude. 


Z000 3000 4000 
Altitude above sea level in feet, E, 


Fig. 66. Ratio or correction factor for height of chimney for 
variation in atmospheric pressure, 


Effect of Altitude, or a Variation in the Atmos- 
pheric Pressure, on the Capacity of a Chimney 


The theory for the capacity of a chimney was de- 
veloped under the assumption that the plant was 
operating at sea level and consequently under sea 
level atmospheric conditions. Since a variation in 
the elevation or atmospheric pressure affects the 
draft of a chimney, it follows that the capacity also 
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will be affected. The general equation for the ca- 
pacity of a chimney may be written: 


Po VAY DaWies ko: Vit 


Wa = P Se, | caer 27 


It is evident that a variation in the atmospheric 
pressure cannot affect the factors A, T, W. or T,. 
Therefore only the factors R, and V;, will be sub- 
jected to a change. 

Now ReVt = Va 258 


From equation 27, it will be seen that V, varies 
as the expression 


4/ ., 259 
or, in other words, the actual or working velocity 
of the chimney gases varies as the square root of 
the ratio of the atmospheric pressure at sea level 
to that at altitude. Since the velocity of the chim- 
ney gases increases as the atmospheric pressure 
decreases and the altitude increases, it follows that 
the capacity of a chimney must also increase in this 
same manner. This fact becomes more apparent 
when it is recalled that, since the density of the out- 
side air and the chimney gases decreases as the al- 
titude increases, more air must be supplied at alti- 
tude than at sea level in order that complete com- 
bustion of the fuel will be effected. In order to se- 
cure more air for combustion, the velocity must be 
correspondingly increased which in turn involves 
modification in furnace and boiler design, factors 
which are not within the province of this work. 
However, it is not advantageous to have the ve- 
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locity of the chimney gases increase unnecessarily, 
or even at all, and therefore it is assumed that the 
velocity of the chimney gases remains constant re- 
gardless of the altitude. In order to assure this 
condition, it is necessary to modify the diameter 
of the chimney. 


Effect of Altitude, or a Variation in the Atmos- 
pheric Pressure on the Diameter of the Chimney 


As stated above, in the case of the capacity of a 
chimney, a constant weight of air is required to de- 
velop a required horsepower equivalent; and since 
the density of the outside air decreases as the alti- 
tude increases, the velocity of the incoming air 
must be correspondingly greater at an altitude than 
at sea level in order to supply the proper amount of 
air for complete combustion. This results in in- 
creased velocities throughout the entire installa- 
tion. This velocity is inversely proportional to the 
barometric pressure and the velocity head inversely 
proportional to the square of the barometric pres- 
sure. This increased velocity results in increased 
losses due to friction. This frictional loss may be 
compensated by increasing the diameter of the 
chimney so that the frictional loss will be the same 
as at sea level. It is ordinarily assumed that the 
increase in the diameter will be equal inversely to 
the two-fifths power of the ratio of the barometric 
pressure at altitude to that as sea level. Whence: 


2 
pao (E)! =n (2) ss 
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in which D, = diameter of chimney at the altitude 
corresponding to an atmospheric pressure of P, or 
a barometric pressure of B,. 

Fig. 67 gives the ratio or correction factor for 
the diameter of a chimney for the altitude and 
barometric pressures as noted. It will be seen that 
the diameter of a chimney is affected much less 
than the height by a change in altitude. The aver- 
age increase in the diameter amounts to about 
one-tenth of one per cent per 1000 ft. increase in 
altitude. The effect, of course, is more noticeable 
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Fig. 67. Ratio or correction factor for diameter of chimney 
for variation in atmospheric pressure. 


in chimneys with large diameters than in those 
with small diameters. 

In increasing the diameter by the two-fifths 
power of the ratio of the barometric pressure at 
sea level to that at altitude, it is evident that the 
height of the chimney should be increased by the 
square of this ratio. In designing boilers for high 
altitudes, however, the assumption is usually made 
that a given grade of fuel will require the same 
draft in inches of water at the damper side of the 
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chimney as at sea level, and as a consequence the 
height of the chimney will vary directly as the ratio 
of the barometric pressure at sea level to that at 
altitude. Also repeated tests have shown that there 
is practically no difference in the combustion rates 
for coal at high altitudes, providing the intensity 
of the draft is the same, and as a result the height 
will again vary directly as the ratio noted. The 
true value of the variation in the height of the 
chimney lies between the direct ratio and the 
square of the ratio. If the assumption be made that 
the true value lies midway between the direct ratio 
and the square of the ratio, no appreciable differ- 
ence will be noted in the increased height below an 
altitude of 5000 ft. See Fig. 66. Above 5000 ft., 
however, the square of the ratio increases fast and 
at an elevation of 10,000 ft., the square of the ratio 
is 50 per cent greater than the direct ratio, or 25 
per cent greater than the average between the two. 
Since the altitude of practically all the plants built 
in this country is well below 5000 ft., ample accura- 
cy will be obtained by assuming that the height of 
a chimney in all cases varies directly as the ratio 
of the barometric pressure at sea level to that at 
altitude, or inversely as the ratio of the barometric 
pressure at altitude to that at sea level. 

It should be noted in particular that the increase 
in the diameter due to altitude is made to maintain 
the same friction loss and that the increase in alti- 
tude has no effect directly on the capacity. The in- 
crease in the diameter as the two-fifths power of 
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the ratio is a correction to an element of draft and 
not to the capacity. 

For extremely high altitudes, the increase in the 
height of the chimney may make the proportion of 
height to diameter very impracticable. In this case, 
it is customary to increase the grate surface of the 
boilers which in turn reduces the combustion rate, 
and thereby reduces the draft required through the 
fuel bed. 

In determining the height and diameter of a 
chimney at an altitude, the correction for altitude 
should be applied to the final result as determined 
from the elementary equations and not to each 
separate factor entering into the equations. 

Since the changes in the height and diameter of 
a chimney at an altitude are due to a variation in 
the atmospheric or barometric pressure, it follows 
that variations in the barometric pressure due to 
causes other than a change in altitude, such as vari- 
ations due to weather changes, will have a similar 
effect on the size, or the performance. Upon the ap- 
proach of a storm, the barometric pressure usually 
falls and in this case the draft becomes less and the 
effective height of an existing chimney is shortened. 
Likewise the effective diameter will become less 
due to the increased velocity of the chimney gases. 


Example 

The diameter of a chimney for a certain set of 
operating conditions, based on sea level atmos- 
pheric conditions, is 10.00 ft. What will be ‘the re- 
quired diameter at an elevation of 1500 ft.? 
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Solution 

From Table 14, the barometric pressure corre- 
sponding to an elevation of 1500 ft. is approxi- 
mately 28.3 in. of mercury. Whence: 


29.92 


2 
— — 
aaa) = 10.00 X 1.022 = 10.22 ft. 


D: = 10.00 ( 
Or, from Fig. 67, the ratio or correction factor for 
an elevation of 1500 ft. is equal to 1.022. Whence: 
Dx = 10.0 & 1.022 = 10.22 ft. 


An extended discussion of the effect on the loss 
of draft due to friction of a variation in the diam- 
eter of the chimney was given in Chapter III. 


Summary 

In designing a new chimney for an altitude, the 
procedure is to design the structure for sea level 
atmospheric conditions and then correct the height 
by multiplying the latter by the ratio of the atmos- 
pheric pressure at sea level to that at altitude, and 
the diameter by multiplying by the two-fifths 
power of the ratio of the atmospheric pressure at 
sea level to that at altitude. The two-fifths power 
of the ratio is best worked out with the aid of log- 
arithms as follows: Find the log of the ratio from 
a log table. Multiply this log by 2 and then divide 
this product by 5. The number corresponding to 
this log quotient is the required ratio or correction 
factor. 

For some unaccountable reason, the size of a re- 
quired chimney is seldom corrected for altitude. It 
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has been the usual custom to determine both the 
height and the diameter for sea level atmospheric 
conditions and then use this size regardless of the 
altitude of the plant. If, for example, a certain set 
of operating conditions require a chimney 200 ft. 
in height and 10.00 ft. in diameter at sea level, the 
height will be increased to 


29.92 
39.10 X 200 = 1.03 & 200 = 206 ft. 


and the diameter to 


29.92 \2 
29.92\5 s- 10.00 = 1.012 X 10.00 = 10.12 ft. 
a) x < 10.00 = 10.12 ft 


at an elevation of approximately 760 ft. This in- 
cludes such cities as Indianapolis, Detroit, Chicago, 
Cleveland, Cincinnati, and others. For an elevation 
of approximately 1500 ft. which includes such cities 
as Bismark, N. Dak., Concordia, Kan., Spokane, 
Wash., Phoenix, Ariz., and others, the height will 
be increased to 


29.92 aa 
Eg9 X 200= 1.05 x 200 = 210 ft. 


and the diameter to 


29.92 \z . ’ 
(F350) 10:00: = 1.02< 1000 = 10.20) ft. 


For an elevation of 3700 ft. which includes such 
cities as Amarillo, Tex., El Paso, Tex., Goodland, 
Kan., Roswell, New Mex., Sheridan, Wyo., and 
others, the height will be increased to 


29.92 = 
Seip X 200 = 1.146 x 200 = 229.2 ft. 
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and the diameter to 


29.92 \2 
(Fa) >< 10.00 = 1.056 — 10.00 = 10.56 ft. 
At Denver, Colo., and Leander, Wyo., where 
the elevation is approximately 5300 ft., the height 
will be increased to 


29.92 Ps 
Sigg X 200 = 1.216 x 200 = 248.2 ft. 


and the diameter to 


29.92 \3 = 
(sr33)° >< 10.00 = 1.082 X 10.00 = 10.82 ft. 

From these few examples, it will be seen that the 
elevation of the plant has a tremendous effect on 
the required height, and a material effect on the 
diameter of a chimney. 


CHAPTER XII 


CHIMNEY PERFORMANCE 


In dealing with a problem involving a chimney, 
it is necessary at the outset to differentiate be- 
tween two possible purposes in view. That is to 
say, is a new chimney to be so designed or pro- 
portioned that certain presupposed operating con- 
ditions will be satisfied; or is the performance 
of an existing or working chimney to be investi- 
gated. The theory both for determining the size 
of a new chimney and investigating the perform- 
ance of an old or a working chimney is more or 
less correlated, and the subject matter in the previ- 
ous chapters has been developed on this basis. In 
the first case, the size of the chimney itself is un- 
known and it is therefore necessary to use the cut- 
and-try process until all of the conditions in- 
volved in the operation are satisfied, while in the 
second case the actual height and diameter are 
known and the operating conditions as they exist 
are applied to the structure and its behavior ex- 
amined while operating under these conditions. 

In investigating the performance of a chimney, 
it is necessary to have the following data and in- 
formation: 

1. Height of chimney 


2. Diameter of chimney 
8. Temperature of the chimney gases 
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4, 
5. 
6. 
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Density of the chimney gases 
Temperature of the outside air 
Atmospheric pressure, or altitude of plant 


“In addition to the above major factors, the fol- 
lowing conditions should be known: 


i 


4 
So 


© CON HOP cr 


Material used in construction of chimney, 
that is steel, brick, or reinforced concrete 


. Character of inside surface of chimney 
. Physical condition of chimney, that is, is it 


air-tight or does it show cracks 


. Height and thickness of lining 


Is there an air-space between shaft and lining 


. Number, location, size, and orientation of 


breeching openings 
Type of construction around top of chimney 


. Location with respect to buildings, bluffs, val- 


leys, ete. 


. Presence of soot collectors, spark arresters, 


baffle wall, etc., inside of chimney 


. Does breeching fit opening tight or not 


All of these factors appertain to the chimney 
alone and may affect both the draft and the ca- 
pacity in one way or another. 

The following information is required on the 
boilers, fuel and breeching: 


Boilers: 


OR OCOD 


Size 

Make 

Normal rated horsepower 
Maximum rating 

Area of grates 


Fuel: 


1k 
2. 


Kind 
Character and condition 
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3. Amount burned per square foot of grate sur- 
face per hour, or rate of combustion 
4, Analysis 
5. Amount of air required for complete combus- 
tion 
Breeching: 


1. Length 

2. Size and shape 

38. Character of inside surface 
4, Number of bends or turns 


With all of the above information at hand, the 
performance of a working chimney can be com- 
pletely investigated and analyzed. 

In computing the size of a new chimney, both the 
height and diameter are made sufficiently large so 
that all maximum operating conditions will be 
amply taken care of, even if all of these conditions 
should be at a maximum at the same time. When 
all of the operating conditions are at a maximum, 
the chimney is said to be working at actual capac- 
ity, unless some allowance has been made for fu- 
ture expansion. When any operating condition 
becomes greater than that originally assumed, the 
chimney is said to be overloaded, or is being 
worked above capacity. On the other hand, when 
any condition becomes less than that originally as- 
sumed, the chimney is working at less than actual 
capacity. The latter is almost universally true, 
since it is rarely the case that a properly designed 
chimney will be working at even actual capacity. 
Oftentimes a chimney is designed with respect to 
future requirements, and in this case it is evident 
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that the structure is ordinarily working far below 
capacity. 

In order to show how a variation in the operat- 
ing conditions of a plant and chimney affect the 
performance of the chimney itself, a typical set of 
average operating conditions for which the struc- 
ture was originally designed will be assumed, and 
each variable factor will be made to vary from a 
maximum to a minimum value while the rest of the 
conditions remain constant and unchanged. The 
following conditions will be assumed: 

200 ft., height of chimney 

10 ft., diameter of chimney 
600 deg. F., temperature of chimney gases 
0.0855 density of the chimney gases in pounds per 
Clit. AC oe Gee. He 
60 deg. F., temperature of the outside air 
14.7 lbs. per sq.in., or 
29.92 in. of mercury, atmospheric pressure (sea 
level atmospheric conditions) 


Theoretical Draft 
The theoretical draft of a chimney 200 ft. in 
height for the conditions noted above is equal to: 


0.08071 0.0855 
519.6 1059.6 


Di = 6.43 X 200 X 14.7 ( 
= 1.412 in. of water 


This intensity of theoretical draft is a quantity 
which cannot be accurately observed by a draft 
gauge. If, however, the gases within the chimney 
be absolutely motionless, and there be no leakage, 
the observed draft at any point of the chimney will 
be approximately the same as the computed value. 
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The theoretical draft is the starting point of all 
draft problems and represents the maximum in- 
tensity of difference in pressure which is available 
to overcome all of the losses of draft or pressure 
drops throughout the entire installation. In the 
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Fig. 68. Draft Performance of a 200 ft. x 10 ft. chimney. 
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case of a working chimney, the intensity of the 
theoretical draft is affected by: 
1. Temperature of the chimney gases 


2. Temperature of the outside air 
3. Density of the chimney gases 


Effect on the Theoretical Draft of a Working 
Chimney Due to a Variation in the Temperature 
of the Chimney Gases, the Temperature of the 
Outside Air, and the Density of the Chimney Gases 

The chimney gas temperature varies, other fac- 
tors remain unchanged: 


t D, = D: 

60 0 1100 1.900 
100 0.048 1200 1.962 
200 0.486 1300 2.018 
300 0.808 1400 2.068 
400 1.056 1500 2.112 
500 1.252 1600 2.152 
600 1.412 1700 2.188 
700 1.542 1800 2.220 
800 1.654 1900 2.252 
900 1.748 2000 2.280 

1000 1.828 


Outside air temperature varies, other factors 
remain unchanged: 


i Dy w D, 
—20 1.944 50 1.470 
—20 1.868 60 1412 

0 1.796 70 1.356 
10 1.726 80 1.304 
20 1.658 90 1.252 
380 1.592 100 12202 


40 1.530 110 1.153 
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Density of chimney gases varies, other factors 
remain unchanged: 


W. D, W. D, 


0.08071 1.496 .085 1.420 
.081 1.492 .0855 1.412 
.082 1.474 | .086 1.402 
.083 1.456 087 1.384 
.084 1.436 


Fig. 68 shows graphically the variation in the 
theoretical draft of a working chimney due to 
changes in the factors noted. Whence the theo- 
retical draft of a working chimney varies: 


1. Directly as the chimney gas temperature 
2. Inversely as the outside air temperature 
3. Inversely as the chimney gas density 


Since it was assumed that the plant is at sea 
level and consequently under sea level atmospheric 
conditions, it follows that the atmospheric pressure 
affects the draft only when the altitude is changed, 
a condition which, of course, is impossible in the 
case of a working chimney. However, if the plant 
were built at higher elevations, then the theoretical 
draft would be affected considerably. 

Atmospheric pressure varies, other factors re- 
main unchanged: 
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EK, ia Bs Di 
0- 14.70 29.92 1.412 
385 14.50 29.50 1.392 
851 14.25 29.00 1.368 
1324 14.00 28.50 1.344 
1806 13.75 28.00 1.320 
2297 13.51 27.50 1.297 
2797 13.26 27.00. 1.274 
3306 13.02 26.50 1.250 
3828 12.78 26.00 1.227 
4355 12.53 25.50 1.204 
4894 12.28 25.00 1.180 
5445 12.04 24.50 1.156 
6008 LEo 24.00 1.133 


The theoretical draft of a working chimney then 
varies: 
1. Directly as the atmospheric pressure, or 


2. Inversely as the elevation of the structure 
above sea level 


It will be noted that the diameter of the chimney 
has no effect whatsoever on the intensity of the 
theoretical draft. 


Available Draft 

In addition to knowing the temperature of the 
chimney gases, the temperature of the outside air, 
the density of the chimney gases, and the elevation 
of the plant, in dealing with the available draft of 
a chimney, it is necessary to know also the amount 
of gases flowing through the chimney per second. 
This in turn requires a knowledge of the kind of 
fuel burned, together with an analysis of the fuel 
and also the rate of combustion per square foot of 
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grate surface per hour, the diameter of the chim- 
ney, and the length of the friction duct or the dis- 
tance between the bottom of the breeching open- 
ing and the top of the chimney. Therefore, let it 
be assumed that the fuel is coal showing the fol- 
lowing analysis: 

79 per cent carbon 

5 per cent total hydrogen 

2 per cent oxygen 

2 per cent nitrogen 

3 per cent sulphur 

9 per cent ash 


Also assume percentage of excess air as 50 per 
cent. Furthermore, let it be assumed that the 
boilers have a grate area of 800 sq.ft. and that the 
rate of combustion is 25 lbs. of coal per sq.ft. of 
grate surface per hour. 

Now from the analysis of the coal, the total 
weight of dry air required per pound of coal 
equals: 

0.02 


8 ) + 4.32 X 0.03 


Wta=11.52 X 0.79 + 34.56 (0.05 — 


= 9.10 + 1.64 + 0.13 = 10.87 lbs. 


For 50 per cent excess air: 
Wta = 10.87 X 1.50 = 16.30 lbs. 


Whence, the total weight of the products of com- 
bustion per pound of coal equals 
16.30 + 0.79 + 0.0475 + 0.03 = 17.17 lbs. 


The total weight of coal burned per hour equals: 
800 & 25 = 20,000 lbs. 
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Finally, the total weight of the products of com- 


bustion equals 
20000 17.17 


3600 = 95 lbs. per second 


Loss Due to Velocity 
From the data given heretofore, the loss of draft 


due to velocity equals: 
95? & 1059.6 
hy = 0.0000893 77737 (78.5)? X 0.0855 
= 0.110 in. of water 


Loss of Draft Due to Friction 
Let it be assumed that the bottom of the breech- 
ing opening is 20 ft. up from the grate level of the 
boilers. Whence, the length of the friction duct 


equals 
200 — 20 = 180 ft. 


From the data given, the loss of draft due to fric- 

tion equals 

(95)? X 1059.6 X 180 X 31.4 
14.7 X (78.5)* X 0.0855 


hr = 0.0000893 0.016 
= 0.127 in. of water 


Available Draft 
Finally, the available draft is equal to: 


Da = 1.412 — (0.110 + 0.127) 
= 1.175 in. of water 


The intensity of the available draft, 1.175 in. of 
water, represents the actual amount of draft 
available at the breeching entrance of the chimney 
to overcome the resistances through the fuel bed, 
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boiler, breeching, and bends. The intensity of the 
available draft is affected by the following factors: 


1. Temperature of the chimney gases 
2. Temperature of the outside air 

3. Density of the chimney gases 

4. Amount of gases flowing 


Effect on Available Draft of a Working Chimney 
Due to a Variation in the Temperature of the 
Chimney Gases, the Temperature of the Outside 
Air, the Density of the Chimney Gases, and the 
Amount of Gases Flowing 
Chimney gas temperature varies, other condi- 
tions remain unchanged: 


t. D. fe isha hee ho sae Done RD 


100 0.048 0.058 0.067 0.125 0 
200 «©=sie486—i—ixw068 STDS S839) (0.698 
S00 e.00S,- 9.078." 091) ~.169 639 e191 
200 01,056.) ,089. 103° 192 864 .818 
BOGmeLcore 9100) 115 .215- L057 .829 
CUumelatia 10, 127 MU.237T* Ai1Tb. 98382 
COG As el 20s 1309. 2836 9.8352 
BUC gel.004..21al 151 282 1372 4.8380 
900 1.748 .141 1.163 .3804 1.444 .826 
H0007 E25) 9.151 "175" 326 - 1.502.822 
0 S00 Umer Oa. "Sl. 349. 1,501) 6817 
EOQmmeicoce lie | e109, call. 1,691. «.81t 
te002.018) 4188 %2210 —.3898 1.625.805 
1400 2.068 .198 .222 .415 1.653  .800 
Ip00@ lie 203  ».284 A487 1.675 —.793 
Pp00Me2 tose 214) 246-460 © 1.692 — 186 
1700 2.188 .224 .256 .480 1.708 .780 
ae00meaec0e cot. 210°" 504 L716 773 
TOU0Me con eee oer 0d0 "1.726 75.766 
2000) 62,080 200) 294 - 549 1,731 760 
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Outside air temperature varies, other conditions 
remain unchanged: 


G D: 


—20 1.944 
—10 1.868 
0 1.796 

10 1.726 
20 1.658 
30) = 1.592 
40 1.530 
50 1.470 
60 1.412 
70 1.356 
80 1.804 
90 1.252 
100) 1.202 


h, 


0.127 
127 
a Pay 
127 
127 
127 
127 
127 
127 
127 
127 
127 
127 

127 


h, +h, 


0.237 
230 
237 
237 
237 
237 
230 
237 
237 
237 
230 
237 
237 

237 


Dz 


1.707 
1.631 
1.559 
1.489 
1.421 
1.355 
1.293 
1.233 
1.175 
1.119 
1.067 
1.015 

965 

916 


Rp 


0.878 
873 
.869 
.863 
857 
851 
.845 
.838 
832 
825 
818 
OLE 
803 
-795 


TLIOM tbs ; : 


Chimney gas density varies, other conditions re- 
main unchanged: 


W. D, 
0.08071 1.496 
0.081 1.492 
0.082 1.474 
0.083 1.456 
0.084 1.436 
0.085 1.420 
0.0855 1.412 
0.086 1.402 
0.087 1.384 


h, 


0.116 
116 
115 
LIS 
112 
cLLE 
110 
109 
.108 


hy 


0.134 
134 
132 
131 
129 
128 
127 
.126 
125 


h, +h, 


0.250 
250 
247 
.244 
241 
239 
237 
235 
233 


Dz 


1.246 
1.246 
1.227 
1.212 
1.195 
1.181 
1.175 
1.167 
1.151 


Rp 


0.833 
833 
833 
833 
832 
832 
832 
832 
831 
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Amount of gases flowing varies, other conditions 
remain unchanged: 


Woe aD: boaethe hh De Ry 


0 1.412 0 0 0 1.412 1.000 
20 1.412 0.005 0.005 0.010 1.402 .993 
40 atlas . .Ucat 04 isi 971 
GUM. 42 50445 7.051, -.095 + 21/317 ~ 4933 
BUTS 1412 .078  .090° 1168  1:244 880 
95 eral sd LO) 127, 823% LTS 832 

100 eaiZee lor | 140° $262 1.1505 6814 
120 wale 202° 8878 91.084. 752 
140 1412 2389 .275 86.514 698 —.050 
160 iaia ecole —.o09) 2671 T41—— .525 
180 1.412 .896 .455 .851 .561 .400 
200 1.412 .488 .561 1.049 363 = .257 
220 1.412 .590 .680 1.270 142 = .100 
232 1412 .656 .756 1.412 0 0 


Fig. 68 shows graphically the variation in the 
available draft of a working chimney due to 
changes in the factors noted. From the curves it 
will be seen that the available draft of a working 
chimney varies: 


1. Directly as the chimney gas temperature 

2. Inversely as the outside air temperature 

3. Inversely as the chimney gas density 

4. Inversely as the amount of gases flowing 
through the chimney 


Since the theoretical draft, the loss due to veloc- 
-ity, and the loss due to friction all vary directly 
as the atmospheric pressure, or inversely as the 
elevation of the plant above sea level, it follows 
that the available draft varies in the same manner. 
Atmospheric pressure changes due to elevation, of 
course, can have no effect on the available draft of 
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a working chimney since it is physically impossible 
to move a chimney from one elevation to another. 
Atmospheric pressure changes, however, will have 
a relative effect on the available draft of a work- 
ing chimney when the draft is compared with that 
of a chimney of a similar size but located at a dif- 
ferent altitude. 

The curves at the right of Fig. 68 show graph- 
ically the variation in the ratio factor of the avail- 
able draft to the theoretical draft, Rp. The curve 
for the ratio factor for the amount of gases flow- 
ing follows practically parallel to the curve for the 
variation in the available draft itself. When there 
are no gases flowing, the available draft is equal 
to the theoretical draft and the ratio factor is equal 
to 1. When 95 lbs. of, gases are flowing per second, 
the ratio factor is equal to 0.83. When the amount 
is increased to about 232 lbs. per second, the avail- 
able draft is zero and the ratio factor is 0. The 
line for the ratio factor for a variation in the den- 
sity of the chimney gases is a straight line and is 
practically vertical, thereby signifying that the 
density of the chimney gases has no practical ef- 
fect on the ratio factor. The curve for the ratio 
factor for a variation in the outside air tempera- 
ture is slightly convex downwards and shows that 
the temperature of the outside air has only a rela- 
tively small effect on the ratio factor, about 10 per 
cent over a variation of 130 degrees. 

In the case of the ratio factor for a variation in 
the temperature of the chimney gases, some start- 
ling facts are disclosed by the curve. It will be 
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noted that the ratio factor gradually increases un- 
til a maximum is reached at a chimney gas tem- 
perature of approximately 640 deg. F. after which 
the ratio factor gradually decreases. This figure 
is the same at which a chimney will attain its 
maximum capacity. Now since 
pea RD 
then Da= RpDt 


Therefore, the maximum relative available draft 
will be attained at a degree of chimney gas tem- 
perature which will make Rp a maximum, and 
which, in this particular example (when the den- 
sity of the chimney gases is equal to 0.0855 lbs. per 
cu.ft. at 32 deg. F.) is approximately 640 deg. F. 
Of course, the available draft of a chimney, like 
the theoretical draft, increases as long as the chim- 
ney gas temperature increases but both above and 
below a temperature of approximately 640 deg. F. 
the relation between the two decreases. 

In the above discussion, it has been assumed 
that the density and the temperature of the chim- 
ney gases remained constant regardless of the 
amount of gases flowing. In actual practice, how- 
ever, the temperature of the chimney gases in- 
creases slightly as the amount of gases flowing in- 
creases, or what amounts to the same thing, as the 
rating of the boilers, or the amount of coal burned 
per square foot of grate surface per hour, in- 
creases. The temperature of the chimney gases 
also increases as the amount of excess air is in- 


creased. 
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The coefficient of friction, f, and the length of 
the friction duct, L, both affect the loss of draft 
due to friction and consequently the available 
draft. An increase in either one of these two fac- 
tors will increase the intensity of the loss due to 
friction, which in turn will decrease the intensity 
of the available draft and likewise decrease the 
ratio factor. In the case of a chimney which has 
been in use for some time, the coefficient of friction 
doubtless will remain constant and will be equal 
to the value noted. As the height of the breeching 
is rarely changed, the length of the friction duct 
will always remain the same. When a new breech- 
ing opening is cut into the chimney at a height 
greater than that of the old opening, the length of 
the friction duct will be decreased, the loss due to 
friction will likewise be decreased and the available 
draft and the ratio factor will be increased. 


Capacity Performance 

A chimney is said to be working at actual, or 
normal rated, capacity when the amount of gases 
for which it was designed is being discharged. 
When more than this amount of gases is passing 
or being discharged, the chimney is working above 
its normal rated capacity, or is being “over- 
worked”; when less than this amount is passing, 
the chimney is working below capacity. If the 
diameter of a chimney were made just large 
enough to accommodate the passage of the chimney 
gases at a certain velocity and at the same rate as 
they (the gases) are formed in the combustion 
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chamber, if this rate of passage or discharge were 
continued uninterruptedly, and furthermore if the 
chimney gas temperature, the chimney gas density, 
and the outside air temperature remained constant, 
then the capacity performance of the chimney 
would be constant. Almost invariably, however, 
the diameter is made considerably larger than is 
actually required for ordinary operating conditions 
because at times the chimney may be required to 
accommodate an increased amount of gases per sec- 
ond. This happens when the rate of combustion, 
or the rating of the boilers, is increased over that 
for normal requirements. As a result, the chim- 
ney is ordinarily working considerably below its 
normal rated capacity. Only on rare occasions will 
a properly designed chimney be required to work 
above its actual capacity. Furthermore, the tem- 
perature of the chimney gases, the density of the 
chimney gases, and the temperature of the outside 
air may vary from time to time and as a conse- 
quence the capacity performance will be greatly 
affected. 

Analyzing the capacity performance of a work- 
ing chimney may appear to be somewhat of a com- 
plicated process but it can be made quite simple by 
disregarding some of the relatively less important 
factors or conditions. The general equation for the 
capacity of a chimney is as follows: 


W: = ARcKweKt Ne 


in which A — 0.7854D? 
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0.215 sees Te he 


ee 
8.02 aE) 
Kwe = 3942We 
and Ke= ee 


From these equations it will be seen that the 
capacity performance of a chimney is affected by 
the following factors or conditions: 

1. Temperature of the chimney gases. 


2. Temperature of the outside air. 
3. Density of the chimney gases. 


The capacity performance may also be affected 
by the conditions noted in the chapter on “‘Capac- 
ity.” As in the case of draft performance, it is 
impossible to express these conditions in numerical 
terms and for this reason their exact effect cannot 
be determined except from observation. 

Using the same data given heretofore, the actual, 
or the normal rated, capacity of a 200 ft. x 10 ft. 
chimney is found as follows: 

A.= 0.7854 (10)*= 78.54 sq.ft. 


Ve = 8.02 A ath See 


= 109 ft. per sec. 


Assuming that the loss of draft due to velocity 
hy, is equal to 0.11 in of water as determined here- 
tofore: 
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Ve —0.2154/ 147 x 1059.6 X 0.11 
0.0855 


= 80.6 ft. per sec. 


Va 30.6 
Whence Re = ve 109 = 0.281 


Kwe = .268.2 14.7 X 0.0855 = 337 


Ki — «/ 9-944 X 1059.6 — 519.6 
(1059.6)? & 519.6 


= 0.0009077 


Whence, finally 
Wa = 78.54 X 0.281 & 337 X 0.0009077 * 14.14 
= 95.4 lbs. per sec. 


Since the furnace is generating gases at the rate 
of 95.4 lbs. per second, the chimney is working at 
its actual, or normal rated, capacity and it is func- 
tioning properly under the exact conditions for 
which it was designed. When, however, more than 
95.4 lbs. of gases are generated by the furnace and 
are consequently being discharged by the chimney 
per second, the chimney is then being worked 
above its normal rated capacity, or is “overworked” 
or “overloaded”; but when less than this amount 
of gases is being passed, the chimney is working 
below its actual capacity. As a general rule, most 
chimneys are ordinarily working considerably be- 
low their actual capacity, as stated heretofore, be- 
cause it is necessary to make the diameter suffi- 
ciently large to accommodate the increased amount 
of gases when the rate of combustion, or the rating 
of the boilers, is increased to the maximum. 
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Let us now investigate the effect on the capacity 
performance of a chimney when the amount of 
gases generated by the furnace varies. In this 
analysis it will be assumed that the gases gener- 
ated at a certain rate in the furnace pass on into 
the chimney and must be accommodated or “han- 
dled” by the chimney at this same rate, and also 
that the density and temperature of these gases 
remain unchanged regardless of the amount gener- 
ated. This assumption is not strictly true since 
the temperature of the gases increases somewhat 
as the rate of combustion increases, but the varia- 
tion is not of sufficient CRIES that it need be 
taken into account. 

In the example under discussion, gases are being 
generated in the furnace at the rate of 95.4 lbs. 
per second, pass on through the rest of the installa- 
tion and are finally discharged by the chimney at 
this same rate. The gases ascend in the chimney 
- at the velocity of 30.6 ft. per second, resulting in 
a loss of draft due to friction of 0.127 in. of water. 
Now it is evident that when less than 95.4 lbs. of 
gases per second are discharged, the velocity of 
the velocity of the gases in the chimney will be less 
and also the loss of draft due to friction will be less, 
and vice versa. The velocity of the chimney gases 
should not be confounded with the velocity of the 
gases in the furnace or the boiler. There is no 
relation between the two. 

Assuming that the temperature and density of 
the chimney gases remains constant, and also that 
the temperature of the outside air remains un- 
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changed, it is obvious that the actual velocity of 
the chimney gases will be the only factor affected 
by a variation in the amount of gases flowing. This 
in turn affects the value of R., or the “efficiency” 
of the chimney. As stated in a previous paragraph, 
the loss of draft due to friction and the loss due 
to velocity, increase as the velocity of the chim- 
ney gases increases, and the available draft be- 
comes less as a result. Hence, the value of R, 
increases and the value of Rp decreases as the 
amount of chimney gases increases. Provided 
there continued to be sufficient draft to supply air 
to the fuel bed, the working velocity of the chim- 
ney gases would be increased up to 109 ft. per sec- 
ond, at which point the chimney would be 100 per 
cent efficient. Long before this velocity is reached, 
however, the available draft will become zero, no 
air can be supplied to the fuel bed, and the actual 
capacity of the chimney will suddenly drop to zero 
since no gases would be flowing. Such a state of 
affairs of course is purely theoretical and no such 
condition would ever be encountered in actual prac- 
tice. 

The amount of chimney gases flowing varies, 
other conditions remain unchanged: 


W=W. he Ve Re 


i) 0 0 0 

10 0.0014 3.2 0.029 
20 .0056 6.4 .059 
30 .0126 9.7 .089 
40 .0225 12.9 LS 
50 .0352 16.1 148 
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WW; h, Ve R, 
60 .0506 19.3 Fe i 
70 .069 22.5 .207 
80 .090 25.8 .236 
90 114 29.0 .266 
95 127 30.6 201 

100 141 32.3 206 

110 .170 35.5 .326 

120 .202 38.6 .354 

- 130 .238 42.0 385 

140 216 45.1 414 

150 O16 48.4 444 

160 .360 51.5 A7T2 

170 406 54.9 503 

180 455 58.0 532 

190 508 61.2 : 561 

200 .563 64.3 590 

210 .620 67.2 .616 

220 .680 70.9 .650 

232 .756 74.6 0.685 


= 


Fig. 69 shows these results graphically. The 
values of h,, V,, and R, increase as the amount of 
chimney gases flowing increases. When the quan- 
tity of gases flowing reaches 232 lbs. per second, 
the sum of the losses of draft due to friction and 
to velocity will be equal to the theoretical draft of - 
the chimney, the available draft will be zero, and 
since no air can be supplied to the fuel bed, no 
gases will be generated and consequently the capac- 
ity will gradually drop to zero. The actual veloc- 
ity of the chimney gases at this point will be equal 
to: 
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Pounds of chimney gases flowing per second 


Fig. 69. Effect on hr, Va, and Ke Due to a Variation in the 
Value of Wa. 


Based on H — 200 ft., D—10 ft., t-— 600 deg. F., to— 60 deg. 
F., f— 0.016, We— 0.0855, and a circular section. 


= 14.7 « 1059.6 « 0.656 
Va= 0.215 oe 


= 74.6 ft. per sec. 


Fig. 70 shows the relative effect of the quantity 
of gases flowing in a chimney upon the draft and 
the capacity, based on terms of Rp and R,. 
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The three major factors affecting the capacity 
performance of a working chimney are the tem- 
perature of the chimney gases, the temperature of 
the outside air, and the density of the chimney 
gases. The coefficient of friction, of course, is con- 
stant for any working chimney, but it may vary 
between a masonry and an unlined new steel chim- 
ney, for example. However, the inside surface of 
practically all chimneys which have been in opera- 
tion for some time, regardless of the material of 
which they are constructed, is well covered with a 
thick layer of soot, and for this reason it may be 
assumed that the coefficient of friction is a constant 
quantity at all times. The atmospheric pressure 
can affect the capacity performance only during a 
change in the weather. There will, however, be a 
relative difference in the capacity performance for 
the same size chimney but built at different alti- 
tudes. The loss of draft due to friction is an ar- 
bitrary quantity depending upon the quantity of 
gases flowing and the temperature of the gases. 


Effect on Capacity Performance of a Working 

Chimney Due to a Variation in the Temperature 

of the Chimney Gases, the Temperature of the Out- 
side Air, and the Density of the Chimney Gases 


Chimney gas temperature varies, other factors 
remain unchanged: 
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te Vet hy Va Re Kwe Ke Wa 


100 12.8 0.004 3.6 0.281 337 0.000231 24.3 
200 50.5 0.044 14.2 0.281 3837 0.000674 70.9 
300 69.9 0.074 19.6 0.281 387 0.000811 85.3 
400 85.0 0.096 23.9 0.281 337 0.000871 91.6 
500 97.8 0.114 27.5 0.281 3387 0.000898 94.5 
600 109.0 0.127 30.6 0.281 837 0.0009077 95.4 
641.2 113.4 0.183 31.9 0.281 337 0.0009084 95.6 
700 119.3 0.140 33.5 0.281 337 0.000907 95.4 
800 128.7 0.150 - 36.0 0.281 337 0.000900 94.7 
900 137.5 0.158 38.6 0.281 337 0.000891 93.7 
1000 145.2 0.166 40.8 0.281 3837 0.000880 92.6 
1100 153.7 0.172 43.2 0.281 337 0.000868 91.3 
1200 160.9 0.178 45.2 0.281 337 0.000855 89.9 
1300 168.0 0.1838 47.2 0.281 337 0.000842 88.5 
1400 174.9 0.188 49.2 0.281 337 0.000829 87.2 
1500 181.4 0.191 51.0 0.281 337 0.000816 85.8 
1600 187.8 0.195 52.8 0.281 337 0.000803 84.5 
1700 193.8 0.198 54.5 0.281 337 0.000791 83.2 
1800 199.8 0.201 56.1 0.281 337 0.000780 82.1 
1900 205.5 0.204 57.7 0.281 337 0.000769 80.9 
2000 211.2 0.207 59.3 0.281 337 0.000758 79.7 | 


Outside air temperature varies, other factors re- 
main unchanged: 


to Ve hy Va Re Kwe Ke Wa 


—40 183.4 0.191 37.6 0.281 337 0.001110 116.7 
—20 128.0 eo.) 281 337 001066 112.1 
0 1238.0 163 34.6 281 337 .001023 107.6 

20 3118.2 150 33.8 281 337 000983 103.4 
40 113.5 139 32.0 281 337 -000945 99.4 
60 109.0 127 «30.6 281 337 000908 95.4 
80 . 104.8 118 29.4 281 337 .000872 91.7 
100 =100.6 109 28.3 281 337 .000837 88.0 
110 98.6 105 27.8 -281 337 -000820 86.2 


Chimney gas density varies, other factors re- 
main unchanged: 
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We Ce Vt hy Va R. Kwe Kt Wa 
0.08071 1.000 115.6 0.134 32.5 0.281 318.2 0.000962 95.4 


0.081 996 115.2 -134 32.4 -281 31923 .000959 95.4 
0.082 984 114.8 .132 32.2 .281 323.2 -000947 95.4 
0.083 972 112.5 131 31.6 -281 327.2 000936 95.4 
0.084 961 111.1 129 31.2 281 331.1 .000925 95.4 
0.085 -950 109.7 -128 30.8 -281 335.1 .000914 95.4 
0.0855 944 109.0 127 30.6 281 337.0 -000908 95.4 
0.086 939 108.4 -126 30.5 .281 339.0 -000902 95.4 
0.087 928 107.1 125 30.2 -281 343.0 000891 95.4 


Fig. 71 shows these results graphically. It will 
be seen that only two major factors affect the 
capacity performance of a chimney, viz.: the tem- 
perature of the chimney gases and the temperature 
of the outside air. 

The capacity performance of a chimney in- 
creases as the chimney gas temperature increases 
,until a maximum is reached at a temperature of 
641.2 deg. F., after which the capacity perform- 
ance gradually decreases. It should be recalled 
that this maximum figure is for an outside air 
temperature of 60 deg. F. and a chimney gas den- 
sity of 0.0855 lbs. per cu.ft. at 32 deg. F. The max- 
imum will occur at a chimney gas temperature of 
702.7 deg. F. when the outside air temperature is 
100 deg. F., and at 514.1 deg. F. when the outside 
air temperature is 0 deg. F., both based on W, = 
0.0855. The value of both V; and V, increases in 
the same ratio so that the value of R, remains con- 
stant regardless of the temperature of the chimney 
gases. Since the height and the diameter of the 
chimney, as well as the values of R, and K,,, all 
remain constant, the capacity performance then 
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Fig. 70. Comparative Effect on Kp and Kc Due to a Varia- 
tion in Wa, 
Based on H — 200 ft., D—10 ft., t-— 600 deg. F., t. —60 deg. 
F., £— 0.016, We—0,0855, and a circular section. 


will vary as the value of K; which in turn varies as 
the temperature of the chimney gases, the density 
of the chimney gases, and the temperature of the 
outside air. It will be seen in a later paragraph 
that the density of the chimney gases has no ma- 
terial effect on the capacity performance, hence 
the capacity performance varies only as the tem- 
perature of the chimney gases and the tempera- 
ture of the outside air. 

An inspection of the table and Fig. 71 will dis- 
close the fact that between chimney gas tempera- 
tures of 500 and 700 deg. F. there is very little 
variation in the capacity of performance due to a 
change in the chimney gas temperature. Below 
500 deg. F. the capacity performance diminishes 
rapidly until it becomes zero at about 60 deg. F. or 
the temperature of the outside air. Above 700 deg. 
F. the capacity performance diminishes but at a 
relatively slower rate. This fact is of extreme im- 
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Temp. of outside air in degrees Fahr: 


Ternperature of chimney gases in degrees Fahr 


00 izo \40 


fo) 20. 20640.—~=C«st~=«i 
Pounds of chimney gases flowing per second 


Fig. 71. Capacity Performance of a 200 ft. x 10 ft. Chimney. 


Based on te—600 deg. F., t—60 deg. F., f—0.016, We— 
0.0855, and a circular section. 


portance, particularly in installations where econo- 
mizers are used. Oftentimes in such installations 
the temperature of the chimney gases is around 
350 to 400 deg. F. and as a result the capacity per- 
formance is reduced considerably. 
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When the temperature of the outside air varies, 
the capacity performance varies in the same man- 
ner as the draft performance, that is to say, each 
increases as the outside air temperature decreases, 
other conditions remaining constant. This varia- 
tion is shown graphically by the upper curve in 
Fig. 71. This curve is slightly concave upwards. 
The capacity performance is approximately 12.8 
per cent greater for an outside air temperature 
of 0 deg. F., and 22.4 per cent greater for an out- 
side air temperature of —40 deg. F., but approxi- 
mately 7.8 per cent less for an outside air tem- 
perature of 100 deg. F., than that for an outside 
air temperature of 60 deg. F. As in the case of the 
temperature of the chimney gases, the value of 
both V, and V, vary in the same ratio, so that the 
value of R, remains constant regardless of the tem- 
perature of the outside air. Since the height and 
diameter of the chimney, as well as the values of 
R, and. K,,. remain unchanged regardless of the 
temperature of the outside air, the capacity per- 
formance varies as the value of K,. 

The density of the chimney gases has no ma- 
terial effect on the capacity of a chimney. The 
values of V; and V, vary in the same ratio and as 
a result the value of R, is unchanged. The value 
of K,. varies directly as W. but the value of K, 
varies inversely in the same ratio, whence the prod- 
uct of R., Ky. and K, for the various values of 
W., together with A and H, is a constant quan- 
tity. 
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Summary 


The draft performance of a working chimney is 
affected by a variation in the operating conditions 
as follows: 

1. Increases as the chimney gas temperature 

increases 

2. Decreases as the outside air temperature in- 

creases 

3. Decreases as the density of the chimney gases 

increases 


The capacity performance of a working chimney 
is affected by a variation in the operating condi- 
tions as follows: 


1. Increases up to a certain maximum and then 
decreases as the temperature of the chimney 
gases increases 

2. Decreases as the temperature of the outside 
air increases 

3. Unaffected by the density of the chimney 
gases 


It may be well to recall the fact that the per- 
formance of a working chimney, as has been-dis- 
cussed in this chapter is based on a specific size 
of chimney 200 ft. high by 10 ft. internal diameter 
which was designed for a chimney gas temperature 
of 600 deg., an outside air temperature of 60 deg. 
F., a chimney gas density of 0.0855 Ibs. per cu.ft. 
at 32 deg. F., sea level atmospheric conditions, a 
coefficient of friction of 0.016, and which is capa- 
ble of discharging 95.4 lbs. of chimney gases at a 
velocity of 30.6 ft. per sec. In other words, a spe- 
cific size of chimney together with an arbitrary set 
of operating conditions was investigated, and gen- 
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eral conclusions were drawn for this particular 
case. This same method, however, may be applied 
to any other size of chimney and any other com- 
bination of operating conditions for which this 
particular size was designed. The results as 
enumerated under the summary will be identical 
regardless of the size of the chimney or the values 
assigned to the various operating conditions. That 
is to say, the temperature of the chimney gases, 
for example, will affect the draft and capacity per- 
formance in the same manner regardless of the size 
of the chimney. 

In addition to the observable factors noted here- 
tofore, the performance of a chimney may be af- 
fected by various other factors which, however, 
cannot be expressed in numerical quantities but 
the effect of which can be ascertained only by ob- 
servation. Several of these factors will now be 
discussed in detail. 

The material of which a chimney is constructed, 
that is steel, brick, or concrete, unquestionably has 
some effect on the performance of a chimney. If 
a steel chimney is unlined, the radiation will be 
relatively high and the temperature of the chimney 
gases will be correspondingly lower as a result. 
Since the radiation varies as the thickness of the 
walls of the chimney, all other factors remaining 
constant, it follows that adverse performance 
varies as steel, concrete and brick, and in the order 
named; the average relative thickness of the chim- 
ney walls also being in the order named. 

The character of the inside surface of the chim- 


284 DRAFT AND CAPACITY OF CHIMNEYS 


ney determines the coefficient of friction which in 
turn affects the performance. The walls of a new 
unlined steel chimney have by far the greatest de- 
gree of smoothness, followed by those of a new con- 
crete and a new brick chimney. The walls of a 
newly constructed brick chimney present a com- 
paratively rough surface due to the offsets caused 
by a change in the wall thickness. The coefficient 
of friction then will vary as the degree of rough- 
ness, being greatest for a brick chimney and least 
for an unlined steel chimney. It should be noticed 
that the word “new” was used in describing the 
structure. In the case of a chimney which has been 
in use for some time, the walls of a chimney, re- 
gardless of the material of which it is built, are 
covered with a thick layer of soot and the relative 
degree of roughness is thereby eliminated. All in- 
side surfaces may then be described as “sooty” 
surfaces and it seems reasonable to assume that 
the coefficient of friction will be the same for all 
three kinds of surfaces. Since a surface covered 
with soot is by no means a smooth surface, it fur- 
thermore seems reasonable to assume that the co- 
efficient of friction will be at least as great as that 
for a brick chimney. A value of f = 0.016 has been 
used throughout the various examples, and theory 
of this book, and the results obtained accord well 
with those found in actual practice. There is great 
need for more experimenting on this subject in 
order to determine more accurately the value of 
this much neglected point. 

The physical conditions of a chimney, that is the 
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presence or absence of cracks, has a very important 
effect on the performance. Cracks in a chimney 
admit the cooler outside air which in turn lowers 
the temperature of the chimney gases and also in- 
creases the amount of gases flowing. Cracks in a 
chimney are uncalled for and are the result of care- 
lessness in either design or construction. It is 
possible to build chimneys so that they will not 
crack, but when cracks do appear they should be 
closed at once. Air may also be admitted through 
improperly sealed joints. This, too, is the result 
of improper construction and is particularly true 
of brick chimneys. The above remarks apply only 
to concrete and brick chimneys. 

The height of the lining of a chimney has been 
the subject of much discussion. The theory has 
been advanced by some engineers that the primary 
purpose of the lining is to help reduce the radia- 
tion. This theory, however, is open to some ques- 
tion. In the case of a steel chimney, the lining with- 
out question does reduce radiation to a very great 
extent but in the case of properly constructed con- 
crete and brick chimneys the lining, in all prob- 
ability, has but little effect on the radiation. If it 
is true that the lining helps to reduce radiation, 
then the performance of a chimney varies as the 
height and thickness of the lining. After all the 
question of radiation is of relatively small im- 
portance for the reason that the chimney gases are 
inside of a chimney for such a relatively short 
period of time that they cannot be cooled suf- 
ficiently to cause any appreciable effect on the per- 
formance. 
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When a lining is built inside of a chimney, an air 
space of from two to four inches is ordinarily left 
between the lining itself and the shaft, except in 
the case of a steel chimney where the lining is laid 
in close contact with the steel shell. The purpose 
of this air space is to provide room for contraction 
and expansion. It is thought by some that the 
presence of an air space-will aid materially in re- 
ducing radiation but this theory is open to argu- 
ment. In case this theory is true, it is only of rela- 
tively small importance. It is true that a dead air 
space of hot air is a poor conductor of heat but the 
percentage of radiation which will be prevented by 
this arrangement is in all probability very low. 

The type of construction around the top of the 
chimney should be such that the wind will be given 
an upward and not a downward direction. Strong 
winds tend to flatten the escaping column of gases 
and this results in a downward force which in turn 
produces a back-pressure. This will diminish the 
available draft and reduce the capacity perform- 
ance. 

Another source of trouble commonly encountered 
but seldom remedied is a loosely fitting breeching - 
at the chimney opening. The breeching at the open- 
ing should be well calked with asbestos or other 
material. Leakages will then be reduced to a min- 
imum and the performance will not be affected. 

Numerous other factors which may tend to af- 
fect the performance of a chimney in one way or 
another may be found in the chapter on available 
draft. 


CHAPTER XIII 


RELATION BETWEEN HEIGHT AND DIAMETER AND A 
TYPICAL EXAMPLE 


As has been stated previously, a thorough analy- 
sis of the draft and capacity conditions of a chim- - 
ney, such as has been developed heretofore, is made 
for two definite purposes, viz: 

1. To investigate the draft and capacity per- 

formance of a working chimney. 

2. To determine the required height and di- 

ameter of a projected chimney. 


The draft and capacity performance of a work- 
ing chimney were discussed in detail in the pre- 
ceding chapter. The operating conditions as gath- 
ered from observation were applied to the struc- 
ture, the size of which is definitely known, and the 
behavior of the chimney operating under these 
conditions was examined. This process in itself is 
a relatively simple one inasmuch as all of the re- 
quired data and information can be ascertained 
practically without question, and the substitutions 
in the equations, together with the subsequent re- 
ductions, present no particularly difficult problem. 

'In the case of determining the required height 
and diameter of a projected chimney which is to 
satisfy certain arbitrarily selected operating con- 
ditions, however, a far more difficult problem is en- 
countered. While most of the operating factors 
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or conditions are known either from observation 
or computation, there are two factors, the loss due 
to velocity and the loss due to friction, which are 
dependent in one way or another upon the diameter 
of the chimney itself. In other words, determining 
the required size of a chimney involves a problem 
the solution of which depends upon the answer it- 
self. This condition implies a certain amount of 
the cut-and-try process until all factors have been 
satisfied, unless some relation is established be- 
tween velocity and size. 

The height of a properly designed chimney, as 
has been stated, is dependent upon the total amount 
of draft required, and the diameter upon the 
amount of gases flowing. But in addition to this, 
there are interrelations which must be taken into 
consideration, that is to say, the value of both the 
height and the diameter depend upon each other. 
By a judicious selection of the trial values for the 
height and diameter, however, the solution of the 
problem will be greatly simplified. Also, certain 
relations can be established which will materially 
aid in arriving at the proper size. 

The required height of a chimney is given by the 
equation: 

De 
HK 
= hr + hp + hpr + hry + hy + he 


Wo We 
6.43 Po CE Te ) 


and the diameter, in the case of a circular chim- 
ney, by the equation: 
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D 1 =a J oe = 


 RKweKey y EO Keke H 


ee 
or D=0.195 
5 Nee 


Velocity of Chimney Gases 


The required height, then, is equal to the sum 
of the various losses of draft throughout the in- 
stallation, or the required amount of draft neces- 
sary to cause the requisite amount of gases to flow 
through the installation, divided by the theoretical 
draft per foot of chimney. These various losses 
of draft vary as the square of the velocity at the 
various sections. These various velocities, in turn, 
can be reduced to a common velocity, such as that 
of the velocity of the chimney gases. On this basis, 
the equation for the required height of a chimney 
may be written as follows: 


H=V% [wr+h’n+010We F es Ges +Xr +145") | 


Wo We 
aceiae Carat ) 261 


in which Va= actual or working velocity of the chimney 
gases in feet per second, 
h’r=a constant which, when multiplied by the 
square of the chimney gas velocity, equals 
the loss through the fuel bed 
h’p =a constant which when a aatied by the 
square of the chimney gas velocity equals 
the loss through the boiler, 
Xv = number of turns or bends. 


Thus it will be seen that both the height and 
the diameter of a chimney depend upon the velocity 
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of the chimney gases. The velocity of the chim- 
ney gases is given by the equation: 
Wa Te 
V9 = 33.44 A We Po 


In this equation the values of W., T., P., and W. 
are known but the value of A is unknown, of 
course, since it is one of the objectives in the prob- 
lem. Now since both V, and A are unknown, 
either a value must be assumed for V, and A com- 
puted, or a value must be assumed for A and'V, 
computed. The flow of gases in a chimney instal- 
lation is similar, in most respects, to the flow of 
water in a pipe. The velocity varies as the area; 
the greater the area, the less the velocity, and vice 
versa. Or in other words, in a chimney with a 
relatively large area, the gases have a lower veloc- 
ity than those in a chimney with a relatively small 
area, other conditions such as height, temperature, 
density, and amount of gases flowing, remaining 
constant. It is therefore necessary to eliminate 
either the velocity or the area from temporary con- 
sideration. Since the area of the chimney, or diam- 
eter in the case of a circular chimney, is one of the 
objectives in the problem, it will be eliminated and 
dissociated from velocity. 

Now the question arises: upon what does the 
working velocity of the chimney gases depend, or, 
how is it to be determined? Is there such a condi- 
tion as an economical velocity of the chimney 
gases? It is obvious that if the working velocity 
is assumed relatively high, the losses due to ve- 
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locity and to friction will likewise be great and 
a relatively high chimney will be required as a 
consequence. On the other hand, if the working 
velocity is assumed relatively low, the losses due to 
velocity and to friction will be small and a rela- 
tively low chimney will be the result. All other 
conditions being equal, the former will require a 
relatively small diameter, or area, and the latter a 
relatively large one. It is evident that unless some 
relation is established between the working veloc- 
ity and some other related factor, numberless com- 
binations of heights and diameters could be made 
up. Several authorities have apparently delved 
into this very important subject and some have 
advanced the opinion, or theory, that, of the vari- 
ous combinations, the most economical size is the 
one whose product of diameter by height is least. 
The question of economical] size, in the final analy- 
sis, resolves itself into a question of cost. It is the 
writer’s contention that this is only a relative is- 
sue for the reason that there are so many other 
factors such as location of chimney as regards sec- 
tion of country, materials of which it is built such 
as steel, brick or concrete, design, etc., which have 
a far greater effect on the cost. Then, too, it would 
be a tremendous job to work out a sufficient num- 
ber of sizes for a set of working conditions in or- 
der to select such an economical size. 

The logical method of determining the working 
velocity of the chimney gases is to compute the 
theoretical velocity and multiply this quantity by 
R., or the “efficiency factor” of the chimney. The 
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theoretical velocity of the chimney gases, however, 
is dependent upon the height of the chimney which 
is also one of the objectives in the problem and 
consequently is unknown, not even approximately, 
at the outset. 

It is obvious, then, that the working velocity 
must be based on some factors or conditions which 
are known, or which can be ascertained fairly 


closely. 


grea 
Now since A = 33.44 Va We Po 
W:.T 
th = 0.195 ; 
en (eos. Va We Po 


Likewise from the equation for the loss of draft 
due to velocity: 
0.0000893 Ws T. 


gg EA Te 262 
0.0000893 W?°a: T. 
Os ace 2)’ We hv Po 
263 
Equating the above two equations for D: 
0.0000893 Wa Te W: T. 
: = 0.195 ee 
Se We hr Po Va We Po 264 
he Teche 265 
Whence a 
=V 10 PoWe 
Assuming Po = 14.7 lbs. per sq.in. for sea level atmospheric 
pressure 
and W- = 0.0855 Ibs. per cu.ft. at 32 deg. F. 


Ve= | 8T che 266 
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The equation for the working velocity of the 
chimney gases has now been simplified to the ex- 
tent that only two factors remain, viz.: the tem- 
perature of the chimney gases and the intensity 
of the loss due to velocity. The former is known 
or can be easily ascertained but the latter cannot 
and it is therefore necessary to make an assump- 
-tion for this factor. 

For the purpose of argument, assume: 

hy = 0.10 inches of water 


eOST eu 
Then V.= 267 


Finally, assuming a chimney gas temperature of 
641.2 deg. F. which is the temperature at which 
a chimney will attain its maximum capacity, 


Vise 4 0.8 X 1100.8 
= 29.6, or, practically, 30 ft. per. sec. 


This value, 30 ft. per second, may then be con- 
sidered as an arbitrary selection for the velocity 
of the chimney gases in all preliminary calculations 
for the size of a chimney. This value, of course, 
varies as the temperature of the chimney gases, 
the loss of draft due to velocity, the density of the 
chimney gases, and the elevation of the plant, but 
none of these factors, with the exception of the 
loss due to velocity, as encountered in average 
practice, will affect the velocity to an appreciable 
extent. The assumption of 0.10 in. of water for 
the loss due to velocity is a purely arbitrary one. 
It is, however, a fair assumption and gives results 
which are in accord with sound practice. At any 
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rate it forms the starting point in the solution of 
a problem, an attack on which would be practically 
impossible by any other method. 

Since a new or projected chimney will be re- 
quired to serve the plant when all of the operating 
conditions are at a maximum at the same time, 
great care should be exercised in determining and 
selecting the figures for these maximum conditions. + 
In the case of the loss of draft through the fuel 
bed, that value should be selected which repre- 
sents the loss for the maximum rate of combus- 
tion and not that for the normal rate. Again, a 
value for the loss of draft through the boiler should 
be selected which represents the loss when the 
boiler is being operated at its maximum capacity 
and not that at its normal rating. The various 
other losses of draft should be computed on the 
basis of the maximum amount of gases flowing 
through the installation, which, in turn, involves 
the maximum rate of combustion, and not the 
amount of gases which are flowing for a normal 
rate of combustion. These facts should be con- 
stantly kept in mind. Often wrong assumptions 
and data are used in determining the required size 
and serious operating troubles are subsequently 
encountered as a result. 


Information Required 


The following information or data are required 
in determining the required size of a projected 
chimney: 
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. Temperature of the chimney gases 
Temperature of the outside air 
Density of the chimney gases 
Elevation of the plant above sea level 
. Make and maximum rating of the boilers 
Square feet of grate surface 
. Kind of fuel used 
. Analysis of fuel 
. Maximum rate of combustion 
. Length of breeching 
. Number of bends in breeching 
. Height of bottom of breeching above grate 

level 

It is not necessary to know the horsepower of 
the boilers. As a matter of fact, it is to the ad- 
vantage of the designer if this information is with- 
held completely. It has been the custom to base 
the size of a chimney on the horsepower of the 
boilers, and the size is usually selected from a table 
which has been constructed on this basis. This 
practice is abominable and should be discontinued. 
It is safe to say that the great majority of the 
average operating troubles of a steam plant are 
due to a badly designed chimney, the size of which 
has been selected from such tables. 


a 
NH ODODNATRWNH 


Typical Hxample 
The following data will be assumed to represent 
the operating conditions of a steam plant for which 
the size of a new chimney is to be determined. 
600 deg. F., chimney gas temperature 
60 deg. F., outside air temperature 


0.0855 density of the chimney gases in lbs. per cu. 
ft at 32 deg. F. 
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700 feet above sea level, elevation of the plant 
250 per cent, maximum rating of the boilers 
800 sq.ft., total grate surface 
Fuel—Pennsylvania semi-bituminous coal, 
Analysis of coal: 
78 per cent carbon 
5 per cent total hydrogen 
2 per cent oxygen 
3 per cent nitrogen 
4 per cent sulphur 
8 per cent ash 
35 Ibs. of coal per sq.ft. of grate surface per 
hour, maximum rate of combustion 
100 ft., distance from farthest boiler to chimney, 
straight breeching with no bends. 
20 ft., height of bottom of breeching above grate 
level of boilers. 
Boilers fed by underfeed stokers. 


Amount of Gases Flowing 
In computing the required size of a new or pro- 
jected chimney, it is necessary, first of all, to de- 
termine the total weight of gases generated in the 
furnace per unit of time. From the analysis of the 
coal given, the theoretical weight of dry air re- 
quired per lb. of coal equals: 


0.02 
Wea = 11.52 < 0.78 -— 34.56 ( 0.05 — we) + 4.32 x 0.04 
= 8.99 + 1.64 + 0.17 
= 10.8 lbs. 


Since stokers are used, a maximum of 50 per cent 

excess air will be assumed. Hence the total weight 

of air required to burn one pound of coal equals: 
Wy: = 10.8 X 1.5=16.2 lbs. 
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Whence the total weight of the products of com- 
bustion due to the combustion of one pound of coal 
equals: 


Wtr = 16.20 + 0.78 + 0.0475 + 0.04 
-07 lbs. 


The total weight of coal burned per hour at the 
maximum rate of combustion, 35 lbs. per sq.ft. 
of grate surface per hour, equals: 


800 X 35 = 28,000 lbs. 


Finally, the total weight of the products of com- 
bustion equals: 


28,000 17.07 i 
a SA00hoa ae 132.8, or practically 133, lbs. per sec. 


The furnace generates the gases at the rate of 
133 lbs. per second and these gases must of neces- 
sity pass through the” breeching and up through 
the chimney at this same rate. The temperature 
of these gases will be assumed to be uniform 
throughout the breeching and the chimney. 

The problem at hand, stated in a few words, is 
to design a chimney the height of which will be 
such that sufficient draft will be created to over- 
come all the various losses of draft throughout the 
installation and cause the necessary amount of 
air to flow into the fuel so that 35 lbs. of coal will 
be burned per sq.ft. of grate surface per hour and 
133 lbs. of gases will be generated per second, and 
the diameter, or area, of which will pass these 
gases at this same rate at a predetermined velocity. 
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Required Draft 

Loss of draft through the fuel bed. The loss of 
draft through the fuel bed for a maximum rate of 
combustion of 35 lbs. of Pennsylvania semi-bitu- 
minous coal per sq.ft. of grate surface per hour, 
as given by Fig. 38, is equal to 0.58 in. of water. 
It should be noted that this loss of draft is based 
on the maximum rate of combustion and not on the 
normal rate. 

Loss of draft through the boiler. The loss of 
draft through the boiler will be assumed at 0.80 
in. of water when the boiler is run at its maximum 
rating, 250 per cent. This intensity of the loss 
of draft can be supplied accurately by the boiler 
manufacturer. 

Velocity of gases in breeching and chimney. The 
velocity of the gases in the breeching and chimney, 
as given by equation 265, is equal to: 

— 1059.6 X hr 
Ve= A 10 xc aoeeS 


=). SOd0hs 
TV 


Assuming hy= 0.10 in. of water 


Vi= 4/ 8650 X 0.10 
= 29.4 ft. per sec. 


This velocity will now be used in determining the 
various losses of draft throughout the installation. 

Loss of draft through the breeching. The size 
of the breeching must be determined before the 
loss through it can be ascertained. The only data 


RELATION BETWEEN HEIGHT AND DIAMETER 299 


at hand regarding the breeching is that it is 100 
ft. long, has no turns or bends, and must pass 133 
Ibs. of gases per second at a predetermined veloc- 
ity of 29.4 ft. per second. Now the area of the 
breeching is equal to: 
ne 133 X 1059.6 
33.44 X 29.4 X 0.0855 & 14.33 
STOR Rar 


Assuming a breeching with a rectangular section 
and with a ratio of sides of 2:1, 


PAD = ihallrg 
Di 7.65 £6. width 
endeee2t) 15.3 ft) — heirht 
Also Cor = 45.9 ft. 


The loss of draft through a rectangular breeching 
7.65 ft. in width and 15.3 ft. in height is equal to: 
hpr = 0.0000893 x 0.016 x 


(133)? < 1059.6 « 100 <x 45.9 o. f 
"(117)" X 0.0855 & 14.33 = 0.064 in. of water 


Loss of draft due to turns or bends. The gases 
make two right angled turns in passing from the 
boilers into the chimney: one when they leave the 
boiler and enter the breeching and the other when 
they leave the breeching and enter the chimney. 
The loss of draft due to a right angled turn is equal 
LEONE 


___(188)* X 1059.6 _ 
hr = 0.0000893 X 17)" x 0.0855 X 14.33 


= 0.10 in. of water 


The loss due to two such turns is equal to: 
2 > 0.10 = 0.20 in. of water 
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Required draft. From the data and calcula- 
tions, the required draft is equal to: 


hr=0.58 in. of water 
hg =0.80 in. of water 
hpr = 0.064 in. of water 
hr=0.20 in. of water 


Required draft — 1.644 in. of water 


The loss due to velocity and the loss due to fric- 
tion in the chimney are yet to be ascertained, but 
since both depend upon the diameter or area of 
the chimney, and the loss due to friction upon 
height of the chimney, neither one of which is 
known, not even approximately, at this stage of 
the calculations, it will be necessary to assume a 
trial value for each. However, it will be recalled 
that an arbitrary value was assumed for h, in ar- 
riving at a value for the velocity of the chimney 
gases. 


Hence hy = 0.10 in. of water 
Also assume hr= 0.10 in. of water 


Total loss of draft. The total trial loss of draft 
is equal to: 
1.644 + 0.10 + 0.10 = 1.844 in. of water. 


This total trial loss of draft is equal to the theo- 
retical draft of the chimney. 

Theoretical draft per foot of chimney. For a 
chimney gas temperature of 600 deg. F., an outside 
air temperature of 60 deg. F., and a chimney gas 
density of 0.0855 lbs. per cu.ft. at 32 deg. F., the 
theoretical draft per foot of chimney at an eleva- 
tion of 700 ft. above sea level is equal to: 
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0.08071 0.0855 


519.6 1059.6 
= 0.00687 in. of water 


Kp = 6.48 & 14.838 x 


Trial height of chimney. Finally the trial height 
of chimney is equal to: 


r_ 1.844 


ee ee OS it, 
0.00687 


Trial diameter. This trial height of 268 ft. is 
based on an assumed value of 0.10 in. of water for 
the loss of draft due to friction. Before attempt- 
ing to check the accuracy of this assumption, it 
will be necessary to select a trial value for the 
diameter, or area, of the chimney. Assuming the 
same gas velocity as was used in determining the 
size of the breeching, 29.4 ft. per second, 

133 5< 1059.6 
A= 33.44 29.4 X 0.0855 X 14.33 
AN caper 


Whence D = 12.2 ft. 
and Ci 38.0 


Loss due to velocity. Using this area and di- 
ameter, the loss of draft due to velocity is equal to: 


(133)? xX 1059.6 
hy = 0,0000893 X (777)? y< 0.0855 X 14.33 


= 0.10 in. of water 


' Loss due to friction (trial). The trial loss of 
draft due to friction is equal to: 


(183)? & 1059.6 « 248 x 38.3 
= 0.18 in. of water 
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The computed loss due to friction is slightly 
greater than the assumed value, hence, a correc- 
tion is necessary. 


Assume hr = 0.135 in. of water 


Then total draft equals: 
1.644 + 0.10 + 0.135 = 1.879 in. of water 


— _1879 — 979 ¢t., and hr = 


ae (133)? X 1059.6 X 253 X 38.3 
133)? X 1059.6 X : 
0.0000893 x 0.016 x (117)? X 0.0855 X 14.33 


= 0.185 in. of water 


Now since the assumed loss due to velocity and 
the assumed loss due to friction are both equal to 
the computed values, it follows that the total loss 
of draft throughout the installation is equal to the 
theoretical draft and the second trial height of 
chimney is equal to the required height. This re- 
quired height, however, is dependent upon the 
accuracy of the assumed or trial diameter. As a 
general rule, the assumed trial diameter is always 
very close to the required diameter, if the former 
has been selected judiciously. 

From the above example, it will be seen that it 
is necessary to use the cut-and-try process in de- 
termining the required height of chimney. Usually 
only one or two trials are necessary before the 
required height is found. The height of 273 ft. is 
correct if the assumed diameter and area are cor- 
rect. Otherwise another trial must be made taking 
into consideration the proper diameter. 
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Required Diameter 
Assuming that the required height of chimney, 
2738 ft., is correct, the diameter of the chimney is 
determined as follows: 


Vi = 8.02 4/ 27a (224% 2X: ne ) 


= 127.5 ft. per sec. 
Now Va= 29.4 


29.4 
127.5 — 9-28 


Kwe = 268.2 X 14.33 X 0.0855 = 330 


Then Re= 


Ke= 4) 094 X 1059.6 — 519.6, 
(1059.6)? X 519.6 
— 0.0009076 
Finally D = | 133 
0.7854 X 0.23 X 330 & 0.0009076 X 16.5 
— 12.2 ft. 


Therefore the required size of chimney is 273 
ft. in height and 12.1 ft. in diameter. 

In addition to the various losses of draft noted 
heretofore, three other losses are encountered 
occasionally which will affect the size of a chimney 
to a considerable extent, viz.: 

1. A right angled bend in the breeching, 


2. An economizer in the breeching, 
3. Sudden enlargement of an opening or an area. 


Loss Due to Right Angled Bend in Breeching 


In case there is a right angled bend in the 
breeching itself, there will be an additional loss of 
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draft of 0.10 in. of water, the same as was deter- 

mined for the other loss due to turns in the path 

of the gases. The various loss will be as follows: 
hp=0.58 in. of water 


hp= .80 in. of water 

hpr= .063 in. of water 

hr= .30 in. of water 

hy = 10s in of water 
Assume hr= .143 in. of water 


D:t=1.986 in. of water 
__ 1.986 
Whence H = 289 ft., and hr 


~ 0.00687 
(133)? X 1059.6 x 269 X 38.3 
TLOOD ORES aA 0-016 21 Bie LORE hod oe 


= 0.143 in. of water 


Loss through an Economizer 


The loss through an economizer should always 
be obtained from the manufacturer of this piece 
of apparatus. Assume a condition where the max- 
imum loss through an economizer is equal to 0.25 
in. of water. 


Then hr=0.58 in. of water 


hg= .80 in. of water 

hpr= .063 in. of water 

hr= .20 in. of water 

hy= .10 in. of water 

hke= .25 in. of water 
Assume hr= .155 in. of water 


Dt = 2.148 in. of water 


2.148 
Whence H = 0.00687 Sheets 


and, as before, hr = 0.155 in. of water 
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Loss Due to a Sudden Enlargement of an Opening 
or an Area 


In the case of an extremely tall chimney with a 
relatively small diameter at the top, the internal 
cross-sectional area of the chimney at the level of 
the breeching opening is considerably larger than 
the minimum area of the chimney itself, or of the 
breeching. In such instances, there will be a loss 
of draft due to a sudden enlargement of an open- 
ing. This loss is given by the equation: 

Nets ae 

Te 

Let it be assumed that the internal area of the 
chimney at the breeching entrance is equal to 206 
sq.ft. Now the velocity of the gases as they leave 
the breeching, V;, is equal to 29.4 feet per second as 
has already been determined. The velocity of the 
gases in the chimney at the breeching level, V,, 
will be equal to: 


133 & 1059.6 
V= 33.44 xX 206 X 0.0855 X 14.33 — 16,7. ite per sec, 


(29.4)? — (16.7)? 
Then ho = 0.10 X 0.0855 K 14.33 X ————70959.6 


= 0.068 in. of water 
Then hr=0.58 in. of water 


ho ==0).10 We Po 


hp= .80 in. of water 

hpr= .063 in. of water 

hr= .20 in. of water 

hy= .10 in. of water 

ho= .068 in. of water 
Assume hr= .141 in. of water 


Dt =1.952 in. of water 


1.952 
Then n= 0.00687 = 284 ft. 


and, as before, hr = 0.141 in. of water 
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If, for example, all three of the above conditions 
were encountered in the same installation, the 
height of the chimney would be as follows: 

Then hr=0.58 in. of water 


hp= .80 in. of water 

hpr= .063 in. of water 

hr= .30 in. of water 

hie) -25e non, water 

ho= .068 in. of water 

hy= .10 in. of water 
Assume hr= .170 in. of water 


Dt = 2.331 in. of water 


Ooo 
Whence H = 0.00687 = Beis ake 


and, as before, hr = 0.17 in. of water 


It has been assumed in the above examples that 
the diameter of the chimney remained constant 
regardless of the change in height. Considering 
the last example in which all of the conditions were 
included, the diameter is computed as follows: 
Now Va = 29.4 ft. per sec. 


Vi = 8.02 a gap (2.244 x 1088.8 —1) 


—— 42) Stompers sec: 


29.4 
Whence Re = ia = 0.207 


Kwe = 330 
Kt = 0.0009076 


and = =D=q/ 133 
0.7854 X 0.207 X 330 X 0.0009076 x 18.5 


=A 22h ts 
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Thus it will be seen that the diameter of the chim- 
ney is unaffected by a change in the height as long 
as the velocity of the chimney gases and the 
amount of gases flowing remains unchanged. 

In arriving at the sizes of chimney as computed 
above, the working velocity of the chimney gases 
was assumed at 29.4 ft. per second, which in turn 
was based on a value of 0.10 in. of water for h,. 
It is obvious that the value of V, varies as h, and 
that if a lower value had been assumed for h,, the 
value of V, would have been less, and vice versa. 
Using a different value for V, will result in a 
chimney of a different size than the one computed. 
It is therefore apparent that a chimney of a cer- 
tain and different size can be obtained for each 
different assumption for V,. Now the question 
arises: is the size of chimney as determined for a 
velocity of 29.4 ft. per second the most economical 
in size? 


CHAPTER XIV 


ECONOMICAL VELOCITY 


The various examples which have been worked 
out heretofore have been based on an arbitrarily 
selected chimney gas velocity of 29.4 ft. per sec. 
This velocity was based on a value of 0.10 inches of 
water for the loss of draft due to velocity. It is 
obvious that by assuming various values for the 
velocity of the chimney gases, correspondingly 
different sizes of chimney will result. For an as- 
sumed chimney gas velocity of 20.8 ft. per sec., for 
example, which corresponds to a value of 0.05 in. 
of water for h,, a chimney 233 ft. in height and 
14.3 ft. in diameter will be required. In other 
words, when 133 lbs. of gases are generated per 
sec. and it is required that these gases pass up the 
chimney at a velocity of 20.8 ft. per sec., a chimney 
233 ft. in height will be required to help create 
sufficient draft to overcome all of the various losses 
of draft throughout the installation, and a di- 
ameter of 14.3 ft. will be required to pass these 
gases at the rate of 133 lbs. per sec., all under the 
restrictions originally imposed in the problem. 
Likewise, when the velocity of the chimney gases 
is assumed at 36 ft. per sec., which corresponds to 
a value of 0.15 in. of water for h,, a chimney 320 
ft. in height and 10.9 ft. in diameter will be re- 
quired. Hence a chimney of a different combina- 
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tion of height and diameter is required for each 
different velocity assumed. Tables 16 and 17 give 
the required sizes of chimney for various assumed 
velocities and also the intermediate steps in arriv- 
ing at the sizes. These results are shown graphi- 
cally by Figs. 72 and 73. 

Now the question arises: which of the various 
sizes given in the Tables is the most economical 
from the standpoint of price? The element of cost 
is, as a general rule, a relative issue, that is to say, 
there are many other factors which will affect the 
cost to a far greater extent than a combination of 
height and diameter. Degree of competition, prox- 
imity of building site to distributing centers and 
also railroads, materials of which the chimney is 
built, conditions to which the chimney will be sub- 
jected, and many other conditions, all have a 
greater effect on the cost than a relative combina- 
tion of height and diameter. The above statements 
should be amplified to the extent that reasonable 
assumptions will be made in selecting the value 
for the working velocity. The size of a required 
chimney would never be based, for example, on an 
assumed chimney gas velocity of 10 ft. per sec., 
neither would a value of 40 ft. per sec. be used. 
The term “reasonable assumption” would include 
velocities between 25 and 35 ft. per sec. 

“However, leaving these factors out of considera- 
tion for the moment, it is quite apparent that the 
relative cost should vary as the diameter and also 
as the square of the height. This statement is 
proved by the fact that the cubical contents of the 


DRAFT AND CAPACITY OF CHIMNEYS 


310 


OSL" Te6'T| PLE] £8900" LLS'7| OFF" OLE COL 0c" 038° 8S" OF’ TST" 8f) 18 | 9° Th] 07° 
COL” f06'T | 29 | £8900" 9667} FOP’ c' CE | OL] 6’ 08° 8s 8e" CHT’ 6£ |] £8 S'OV| 6T° 
PLL” eL8°T | TS€} £8900" LT¥'7| SOE" 8°ZE | FOL] St" 08° 8S" 9¢° (Goa Se 6£| $8 | ¥'6E! BT" 
98L° £’8' 1} OPE} £8900" eve zc) o¢c” Eee o-OR) 2p 08" 8S" ve" 4 OY) 88 | £ SE) Lh: 
661° HIB T| OF} £8900" OLZ°Z} 967° OES ce, OL OR 08° 8S" ce" bit” OV | 06 | Z°LE| OT" 
c18" S8L°T | OZ} £8900° 6617] $97" € ve 6° OL] ST® 08° 8S" oe" SOT” EY | £6. | 0°98 | ST- 
$78" LSL’1| OTE] L8900° CEL Z| SEz° BS Pee Pere. 08" 8S" A 460° CY) 96" |) 8. 7E | PL: 
Les" 6éL°T | O00£ | 48900" 190°Z | 807° See at en 9 a 08" 8S" 97" 680° £V| OOT) See] et" 
6P8" TOL’ T | 162] £8900° £00°C| Z8T" EOE) STP) cr: 08° 8s" 7" 180° £vV | vOl| 2° ce) CP 
798° cL9O'T | 787) £8900° OV6'T| 8ST" Ores | 8, PEL 08° 8S" (con ZLO’ tv | 6O1| 8°0€| TT° 
SL8° bHO'T| €L2| £8900" 6L8'T| Set’ O82 Toh Or 08° 8S" 07° $90" SV | PIL) ¥ 62) OT 
888" 9T9'T | #97} 148900° O78 T| FIT: 6°8£) b' ZT! 60° 08" 8S" 8° 9S0° LV | OCL| 6°17) 60° 
106° 88S°T} 997] 148900° £9L'T| $60° 6°6£| £°cT} 80° 08° 8S" io) 870° 8V| LOL} €°97) 80° 
£16" T9S*T | 8hZ | L8900° 60Z'T | 820° VU) CLeD | LOn 08° 8S" Aa TPO" OS | 9ET| 9'°F7| LO" 
976° bes’ t | OZ | £8900° 9S9°T | 790° O-&F| £ eT) 90" 03° 8S" (ae $e0° cS | LT} 8°27 | 90° 
6£6" LOS*T | €€2 | 48900° S09'T | 840° 6th} £° FT| SO° 08° 8S" Or’ L70° vS | T9T | 8°07] SO° 
cS6° O8P'T | 927 | £8900° Sides Taree S Ly) FST | 0" 08° Sas 80° 020° LS | O81 | 9°81] 0° 
$96" PSP 1) 612 | £8900° 80ST | ¥Z0° Ce bsie Obl SOx 08° 8S" 90° F10° 9 | 802] T°9T | €0° 
LL6° 6ch'T | 1% | £8900" £9v'T | FIO" S98) (0.8 T i c0) 08" 8S" $0" 600° 89 | ¥S7} Z'ET | ZO’ 
0660} OFT} L0Z | £8900'0} O@'T | 900°0| 2°49] %'1zZ]| 10°0]| 08'0 8S°0} Z20°0| ¥00'0| 18] T9E] €°6 10°0 
ay “a H ayy 1G Yq SO) a4 “g ) Sa) aq | ty | ag [Boh oy! 8A | 4g 
[CHL PSSV 
9t ATAVL 


‘AouMIIg? Jo JYSIoy poimmbar uo Ayroopaa sed Aauuryo Jo WON ‘ZZ ‘S317 


42ay ur Aeuuiy> jo jybray, spaainbay Oy yO sanjer Aaypm JO Salpuru\ jpiq 


4QJOM JO SALDUy Ul \JO4p yo S507] 
DE Ove O2¢ Oot og2 092 Ov2 022 002 001 S60 0b0 590 090 S’0 92 +2 22 o2 gl oN v\ ogo 


oro oo oso oro oo 020 ovo io) 


TI 
Qo 


) 


Tar | cH 


BY 


oy 


| 
‘Si 
| 
T 
T 
| 
‘im 
| 
im 
gs 


= 
wily? yo Ay20\2A buyyom 40 |>APY 


| 
| 
- 
+ 
4 
+ 
ey 
$3 
jeeat 
| 
aa 8 


oo 


Ty 
Oy 
s 

fou 


<u 
a 4 


+ 

+ 
ase 
fr al 

q 

PY 

o 

= 

puoras 0d po} uy @s0! 


v 
~ 


312 DRAFT AND CAPACITY OF CHIMNEYS 


material of which the structure is built vary direct- 
ly as the diameter and also directly as the square 
of the height. Thus the question of an economical 
velocity is brought up. Is there such a condition 
as an economical velocity? Is there a value for the 
velocity gases which will result in a combination of 
height and diameter that will result in a structure 
which will cost less than that of all other combina- 
tions? 

From Tables 16:and 17, and Figs. 72 and 73, 
it will be seen that the various losses of draft vary 
directly as the square of the velocity of the 
chimney gases. Likewise, the theoretical draft (the 
sum of the various losses), the available draft and 
the height of the chimney vary in this same man- 
ner. From the standpoint of cost, then, insofar as 
the height of the chimney is concerned, it is best to 
keep the chimney gas velocity as low as possible. 
On the other hand, the diameter of the chimney 
varies inversely as the square root of the chimney 
gas velocity and insofar as the diameter of the 
chimney is concerned from a cost standpoint, it is 
best to have a high chimney gas velocity. The prob- 
lem then is to select a velocity which will give a 
combination of height and diameter whose product 
will be least. Table 18 gives the products of height 
and diameter for the various chimney gas veloci- 
ties noted. These results are shown graphically 
by Fig. 74. From these results, it will be seen that 
the product of diameter and height is least when 
the velocity of the chimney gases is approximately 
26 ft. per sec. Under this theory then, of the 
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various chimney sizes computed, that size with a 
product of height and diameter of 3250 which cor- 
responds to a height of 256 ft. and a diameter of 
12.7 ft., will be the least expensive, all other things 
either being equal or left out of consideration en- 
tirely. For this size, under the conditions orig- 


42 
40 | 
28 

on | Ct on 

an | eee 

2 22 | 

er |_| iba Yes ss 

or pet HH 
ee —_——_-—— - = 

en - - 

2 ae 1 

3% + - 

os 6 

$6 {| a 

Pam | f 

5, + = 

210 | ee 

gz 


140 150 008 ol O16 azo oe a2A8 72 
i jases, 


7 8 4 
>* "Preoretical velocrty of himey 
in feet per skco 4 


oie \e 16 16 20 
dl Values of Re Required diameter in feet, D 
ind Ne 


Fig. 73. Effect of Chimney Gas Velocity on Required Di- 
ameter of Chimney. 


inally imposed on it in the problem, the velocity 
of the chimney gases will be approximately 26 ft. 
per sec. and the loss of draft due to velocity will 
be approximately 0.08 in. of water. In short, for 
the conditions of this particular set of operating 
conditions, the relatively least expensive chimney 
will be had when the chimney gas velocity is as- 
sumed at approximately 26 ft. per sec. 

It is very apparent that it would be a tremen- 
dous task to work out several different combina- 
tions of height and diameter, such as has just been 
done, for a particular set of operating conditions 
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in order to arrive at the relatively least expensive 
size. There should be some definite relation be- 
tween V, and H.D., and the conditions expressed in 
a problem, whereby this velocity may be found 
without undue effort. The problem, stated in a 
few words, is to determine an expression for V, in 
terms of operating conditions which are either 
known definitely or can be ascertained, and which 
will give a minimum H.D. This relation will now 
be worked out in detail. 


TABLE 17 


Va Vt Re Kwe Ke Vv D 
9.3 111.0 0.084 337 0.0009076 14.4 21.4 
13.2 T0256 pa 337 -0009076 14.6 18.0 
16.1 114.3 oan Sob .0009076 14.8 16.3 
18.6 116.0 .160 Sot -0009076 15.1 ek 
20.8 117.8 ati IF Bou -0009076 15.3 14.3 
22.8 119.6 Od oat -0009076 15.5 13.7 
24.6 TEPAi 5) .202 oot .0009076 15.8 Se 
26.3 123.4 PAS 330 -0009076 16.0 5 eT 
Palas) Ades ae B3Yi -0009076 16.3 12.4 
29.4 12T4 .230 337 .0009076 16.5 12 
30.9 129.4 .238 337 .0009076 16.8 11.8 
82.2 131.5 .245 337 .0009076 EY 175 
33.5 133.6 251 sat -0009076 LTS 11.3 
34.8 T3577 257 SEY! .0009076 17.6 nic 
36.0 137.9 .262 337 -0009076 17.9 10.9 
See 140.1 .266 SY .0009076 a 10.7 
88.4 142.3 .270 337 -0009076 18.5 10.6 
39.5 144.5 274 BRYA -0009076 18.8 10.4 
40.5 146.8 AGL 337 -0009076 19.1 10.3 
41.6 149.2 PAT AS) Sey) -0009076 19.4 10.2 
Dr 
Now H = i 268 
— hp +hp-+ hp + hr + hy + he 
= eres a Sar Ge 269 
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TABLE 18 
Va H D Hx D 
9.3 207 Plc 4430 
IB 203 18.0 3840 
osu 219 16.3 3570 
18.6 226 15.1 3410 
20.8 233 ARS 3330 
22.8 240 U4 3300 
24.6 248 Ue 3270 
PAS YES 256 WPA YY 3250 
27.9 264 iA 3270 
29.4 Pile WPA al 3300 
30.9 282 11.8 3330 
32.2 291 11.5 3360 
Ss) 300 ile 3390 
34.8 310 iat ak 3440 
36.0 320 10.9 3490 
Oat 330 10.7 3530 
38.4 340 10.6 3590 
39.5 351 10.4 3650 
40.5 362 10.3 3730 
41.6 374 OE 3820 
hr hp hpr hr hy he 
ie San ee nc a Kee 


It will be seen from Table 16 and Fig. 72 that 
the various losses of draft, with the exception of 
the loss through the fuel bed and the loss through 
the boiler, vary as the square of the velocity of the 
gases. The losses through the fuel bed and the 
boiler remain constant regardless of the velocity 
of the gases after they leave the boiler. For the 
sake of convenience and simplicity, it will be as- 
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sumed that the velocity of the gases in the breech- 
ing is the same as the velocity of the gases in the 
chimney, and also that the breeching has a circular 
section of the same area as the chimney. 


hr hp _hr+hg 


Let Kp Se => Kp =Ka 2It 
hr _ ( 0.10WeP. eee 
Now ee XT KpTe V2’ 
Vee 272 
: 5 0.10WcPo 
in which a,= XT aK Eos 273 
hv 0. 10W-Po 
Now ita = KpT- a) V:? 
=, Vas 274 
‘ A 0.10WePo 
in which a, = -Rprec 275 
Whence a,V,2’? + a,V.? = oe ( X7r+1 ) V.? 
= KV.’ 276 
oj P 0.10WePo 
in which K» = 25S ( Xy7 + 1) PATH 
hpr _0.10fW-ePol CL, 
See Serres van Da 
For a circular section: 
= nn 
D 
hpr _ /0.40£WePol ks 
Whence ae Geren es 
Va" 


=&>H 278 
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: ‘ 0.40£WePol 
in which a, == eh Tos 


0.40fWePo) Ly. 
Sek pss Ds 


——e - ave 


0.40£W ePo 


in which a, = KpTe 
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279 


280 


281 


In equation 280, it has been assumed that L = H. 


From equations 270, 271, 276, 278, and 280: 


Hee eee a see 


DeweeD 
Clearing of fractions: 
HD = DK, + DKvV,’ + a,V,? + Ha,V.” 


HD — Ha,V.?= DKa + DKvV2? + a,V:? 
DK, + DKvV.? + a,V2? 


Whence His Doave 
Now D=0.195 4/ we 
= 0.195 5 eee TeApSe ey = arn 
ae W.T- 
hich m = 0.195 
in which m | We. 


282 


283 


284 


Substituting in equation 282 the expression for 


D as given by equation 283: 


318 DRAFT AND CAPACITY OF CHIMNEYS 


cae mS a,Ve” 
_ mKa + mKoVe’ + a,Ve” 
— 7 a,Va° 72 


Finally, from equations 282 and 283: 


mKa — mKovV2” = a,Va” m 


a mM a,V@ Aa Vai? 


m?Ka + m?K»V.? + ma,V.°? nae 
a Ve" 2 


Equation 285 gives the value of HD in terms of 
V, and several constants, the values of which may 
easily be found. An inspection of Table 18 and 
also Fig. 74 will disclose the fact that HD is a 
minimum for a certain value of V,. This value of 
V, may be found by differentiating the expression 
for H D with respect to V, and then placing the 
resulting equation equal to zero. 

The differential of a fraction is equal to the de- 
nominator times the differential of the numerator 
minus the numerator times the differential of the 
denominator, all over the square of the denomina- 
tor. The differential of a sum is equal to the sum 
of the differentials. 


For convenience let m?Ka = A 


m’K»=B 
ma,== © 
m=) 
Cyst 


A- BV? + CVS 


Th HD = 
one DV::?— EV:! 


C= eGhA'? — 7° AU) - 9107919 
ATU Fp AM — PARR H SATCU + PA CUP FMS — FotOU,L 


CANNY 


Oo (aH yp 


Woy mM UINUTUTU esrtq H MON 
z (YA? Comes AUL) TAP 


PA eg + "AM — PA? + y PATMOUS TF ah A'PUP + wy,mg (CH) P > ATTVULT 


ae PATWeUIg +, — "ATH — PATER HT QAM CUZ + ACU + oy Wg 
t2/s°AUL JNO SULLOJOVJ puv SWOTPRAF JO SUIIvI[H 

sarees + ye ArH Sy earerem 2+ vasr ear + Arey + ot ANH a 
:q pure ‘q ‘O ‘g ‘VW 10Z sommueNnd Jedord oy} Sutynyjsqng 


vAgdve + nmAdyS —yeAR— + Am + PAGOS + ee"ACE = = 
ae — io + Adds — PACE T oe SARVES ane TACY a) = 
( re Nl = rAHAG 4 “Add : + uA) 
:1O}IOUINU oY} SUIZITBUOTIeY 
ns oe ee AD AD) ee ee Ap 
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Clearing of fractions will remove the denomi- 
nator. Now by factoring out m in the numerator 
and re-arranging: 


Ve (mK + 4a,Val? 4 2a,KeVel? 4 


ate te 6a,K.V." )— mK: 286 


The terms 


asa 
2a,KvoV.°” and a Vi 


will always be relatively small and for all practical 
purposes may be disregarded entirely. 
Whence Va’ (8mKop + 4a,Va'”? + 6a,KaVa'”?) = mKa 


The above equation cannot be solved for V, ex- 
cept by the method of successive approximation. 
However, V, will vary between 20 and 40 with a 
fair average of 30 ft. per sec. The two terms in- 
side the parenthesis containing the factor V,?/? 
“may therefore be rationalized by substituting 


(30)'?=5.5 for Vat”? 


This substitution will not affect the accuracy of 
the final equation for V, for all practical purposes. 
Whence V:? (3mK» + 22a, + 33a,Ka) = mKa 


And finally Viz ./————_™K= 
pas! ai \ 3mKy + 22a, + 33a.Ke 287 


Now from equation 277: 


a koa (Xr + 1) 


ECONOMICAL VELOCITY 321 
Assuming We = 0.0855 
and | Po 17 
_ 0.125 (Xp +1) 
ic ae OT PS ; 288 


Likewise, from equation 279: 


acs 0.40fW Pol 
KpTe 
Assuming f= 0.016 
W- = 0.0855 
and Po aay 
a= — 289 


And finally from equation 281: 


_ 0.40fWePo 
+) Si kple 
Assuming f= 0.016 
W- = 0.0855 
and Po = 14.7 
ae oe 290 


Substituting these simplified expressions for 
K,, a3, and a, in equation 287: 


Vacs | mKsKpTe 


375m (Xp + 1) + 0.1761 + 0.284Ke as 


Equation 291 gives in the simplest possible form 
the value of V, which will result in a minimum 
value for H D for any selected or arbitrarily chosen 
set of operating conditions. The derivation of this 
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Fig. 74. Typical Relation of Velocity of Chimney Gases to 
Product of Height and Diameter, Illustrating Velocity for 
Most Economical Size of Chimney. 


equation has been carried out in detail because of 
its great importance in chimney design, not only 
for the values which it gives but also for the tre- 
mendous amount of time it saves. This equation 
as it stands is not correct in the strict mathemati- 
cal sense of the term due to the fact that two minor 
terms have been disregarded and also an arbitrary 
assumption has been made for a certain factor. 
The error introduced by disregarding the two 
terms and approximating a factor in two terms, 
however, will not amount to more than one per 
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cent and for this reason the equation may be con- 
sidered sufficiently accurate for all practical pur- 
poses. The equation is also based on an assumed 
value of 0.016 for f, 0.0855 for W., and 14.7 for 
P,. Except in extreme cases, these assumed values 
will not materially affect the correctness of the 
true value of V,. For extremely high altitudes, the 
proper value for P, should be used and the value 
of V, then computed from equation 287. It was also 
assumed that the breeching was circular in section 
and that the velocity of the gases in the breeching 
was the same as that of the velocity of the chim- 
ney gases. These two assumptions are seldom true, 
but again the error introduced will be practically 
negligible. It was necessary to make the above 
noted assumptions, otherwise it would have been 
impossible to have derived a rational equation for 
Vis 

The value of V, which will give a minimum H D 
for the operating conditions assumed for the typi- 
cal example in the last chapter is computed as fol- 
lows: 


m= 0.195 | nee = 0.195 ees Shea 


We 0855 X 14.33 
= os 7B = Se eM 
Kp = 0.00687 as determined heretofore 
To 11059.6 
Xp—2 
t= 100 


Substituting these values in equation 291: 
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oF A 66 << 200 X 0.00687 X 1059.6 
ee 0.375 X 66 X 3 + 0.176 X 100 + 0.284 x 200 


VE 


= 644 


= 25.4 ft. per sec. 


If this value is corrected for P, = 14.33 and a 
closer approximation for V,'/? 


66 < 200 + 0.00687 1059.6 


Va — ee —En-anEE EEE a= 
0.366 X 66 X 83+ 0.159 & 100 + 0.238 X 200 


= 26.5 ft. per sec. which practically agrees 7 the value 
given by Table 24. 


It so happens that the arbitrarily chosen loss of 
draft due to velocity of 0.10 in. of water which re- 
sulted a chimney gas velocity of 29.4 ft. per sec. 
did not result in the most economical size of chim- 
ney. Had the loss due to velocity been assumed at 
0.08 in. of water instead, the chimney gas velocity 
would have been approximately 26 ft. per sec. and 
the most economical size would then have been de- 
termined. In actual practice, the economical 
velocity is first determined from the conditions as- 
sumed and the loss due to velocity computed from 
this value. The operations for determining the 
proper size are then carried on as was done in the 
example under discussion. The required size then 
is 256 ft. in height and 12.7 ft. in diameter. 

Equation 291 is a tremendously important equa- 
tion both as to the result it gives and also as to the 
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great amount of time it saves. It is in reality the 
primary equation in determining the size of a new 
or contemplated chimney. It forms the connecting 
link between height and diameter. After the prop- 
er values have been substituted in this equation 
and the value for V, determined, there will be one 
and only one size of chimney which will answer 
the purpose. This is a fact which the writer has 
continually been attempting to establish, namely: 
that for any one set of operating conditions, there 
is one and only one size of chimney which will 
satisfy all conditions. The development of this 
equation proves this fact beyond a doubt. 

In the discussion hitherto, it has been assumed 
that the draft necessary to overcome all of the 
various losses is supplied by the aid of a chimney 
alone. Both the height and diameter have been de- 
signed to accommodate the installation when it is 
operating under maximum conditions, or maximum 
load. However, when the plant is operating under 
normal conditions, or load, both the height and 
diameter of the chimney are too large. Too much 
draft is then created and it is necessary to par- 
tially close the damper. This results in increased 
damper friction and also in throttling the gases, 
thereby increasing the friction and, as a result, the 
loss of draft due to friction. This extra height 
and diameter of chimney over that required for 
normal operating conditions involves considerable 
of an investment upon which the dividends are 
very small indeed. This fact is often converted to 
the disadvantage of the chimney as a sole draft 
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producer in a plant by the exponents of other more 
efficient arrangements. 

The majority of the larger and more up-to-date 
plants of the present day operate under a combined 
fan and chimney arrangement, as far as draft is 
concerned. In such a system, a fan is used to pro- 
duce the static head, or draft, necessary to over- 
come the loss through the fuel bed and a chimney 
to produce the draft necessary to overcome the re- 
sistances throughout the remainder of the instal- 
lation. The draft in the combustion chamber is 
arbitrarily kept at from 0.10 to 0.15 in. of water. 
This system results in a considerably shorter chim- 
ney, of course, but on the other hand a fan and 
driving arrangement is required and the cost of 
this may not be offset by the saving in the shorter 
chimney. However, the fan scheme permits of 
better and more ease of control and is more effi- 
cient, perhaps, in the long run. 

‘In the example under discussion, let it be as- 
sumed that a fan will produce the draft necessary 
to overcome the loss of draft through the fuel bed 
and that the draft over the fire, or in the combus- 
tion chamber, will be 0.15 in. of water. Determine 
the required height of chimney for these condi- 
tions: 

hr=0.15 in. of water 


hg= .80 in. of water 
hpr= .063 in. of water 
by== 200 tins of water 


hy= .10 in. of water 
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Assume hr= .10 in. of water 


Dt = 1.413 in. of water 


1.413 


0.00687 = 206 ft. 


Whence H = 


and hy = 0.0000893 & 0.016 x 


(133)? & 1059.6 < 186 X 38.3 
(117)* < 0.0855 & 14.33 


= 0.10 in. of water 


Therefore, the required height is 206 ft. as com- 
pared with 273 ft. when the chimney is used to 
create all the draft, a saving of 67 ft. in height. 
The diameter will remain the same. : 

Extremely high chimneys, 250 ft. and over, run 
into considerable amounts of money. They also 
require considerable space which is usually at a 
premium around a large plant. Oftentimes it is 
necessary to place the chimney at the end of a 
long row of boilers and in this case an extremely 
long breeching is required. This in turn adds to 
the loss of draft and increases the required height 
as a result. Again, in central station plants, the 
boilers in addition to being set high, are mounted 
in the second story of the building. In case the 
chimney is located outside the building, it may be 
necessary to add from 20 to 30 ft. to the required 
height in order to reach the ground. This pro- 
cedure may result in an extremely tall chimney 
with its consequent disproportionate cost. In such 
arrangements, it is the usual custom to place the 
chimney, or chimneys, on top of the building and 


328 DRAFT AND CAPACITY OF CHIMNEYS 


support them by means of a platform on top of 
structural framework. This results in a consider- 
ably shorter chimney and simplifies the breeching 
arrangement. The breeching, or breechings, may 
enter the chimney at the bottom and through the 
platform, or at the side and directly above the plat- 
form. 

Determining the required size of a chimney for 
a proposed installation is a problem which merits 
as much, if not more, consideration as that of any 
other factor or part of the plant. For some un- 
accountable reason the size of most chimneys has, 
in the past, been selected from a table based on the 
horsepower of the boilers. This practice is very 
dangerous. More likely than not, the wrong size 
will be selected. There are so many factors that 
enter into the required size that no table or set of 
curves can possibly include all of them. Equations 
which have been deduced for specific cases should 
not be used generally and indiscriminately. 

Summarizing in a few words, the required size 
of a chimney should be determined as follows: 
Base the required height on the sum of the vari- 
ous losses of draft encountered throughout the in- 
stallation, and the diameter upon the amount of 
gases flowing. Use care in selecting the values 
which represent the maximum operating condi- 
tions. The greatest height and maximum diameter 
will be required to properly serve the plant during’ 
maximum operation. At other times the draft can 
be controlled by the damper. Use care in select- 
ing proper values for average operating condi- 
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tions, such as the temperature of the outside air, 
the density of the chimney gases, etc. Base the 
temperature of the chimney gases upon the lowest 
value which will ever be encountered, remember- 
ing that economizers decrease the chimney gas 
temperature to a fairly low degree. See that 
breechings are properly designed and are at least 
as large in area as the chimney itself. 

A chimney, the size of which has been properly 
designed, will prove to be an enormous asset to a 
plant. A plant which is operating with a properly 
designed chimney has every reason to show a high 
efficiency. 
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A 
Air. 
Actual wt. per lb. of fuel, 169. 
Composition of, 160-161, 166. 
Density of, 37. 


Excess requirement, 169, 171-172. 
Theoretical wt. per lb. of fuel, 168, 171-172. 


Altitude. 


Effect on capacity, 244-246. 

Effect on diameter, 246-248. 

Effect on draft, 238-241. 

Effect on height, 242-243. 

Relation to atmospheric pressure, 235-238. 


Artificial draft. 


Advantages of, 10. 
Disadvantages of, 10-11. 
Production of, 5-6. 
When used, 6. 


Atmospheric pressure. 
Relation to altitude, 235-238. 


Available draft, 77-102. 


Definition of, 27, 53, 103, 106. 
Effect chimney gas temp. variation, 263. 
Effect chimney gas density variation, 264. 
Effect variation gases flowing, 265. 
Effect outside air temp. variation, 264, 
Equations for, 82-85. 

Based on velocity, 82. 

Based on volume, 84. 

Based on weight, 84. 
Simplified expression for, 100-102. 
Usual expression for, 98-100. 
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B 


Balanced draft, 11. 


Advantages of, 11. 
Control of, 11. 


Bends. 
Loss of draft due to, 126. 


Boiler. 
Loss of draft through, 110-114, 145. 


Breeching. 


Loss of draft through, 114-118. 
Size and shape of, 118-124, 153. 


Buildings. 
Effect on draft of, 137. 


Capacity. 


Actual, 182, 186. 

Based on horsepower, 198-201. 

Definition of, 180. 

Effect altitude on, 244-246. 

Efficiency factor for, 195-197. 

Equations for, 184-189. 

Maximum, 189-194. 

Performance, 268-281, 282. 
Effect variation chimney gas density, 278. 
Effect variation gases flowing, 273-274. 
Effect chimney gas temperature variation, 277. 
Effect outside air temperature variation, 277. 

Theoretical, 182-185. 

Theory of, 180- 2038. 


Carbon, 163-164. 
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Chimney. 


Diameter, or area, of, 204-217. 

Based on gases, 206-213. 

Based on horsepower equivalent, 213-217. 
Effect of altitude on, 246-248. 
Erroneous theories on, 20, 21, 124. 
Gases, velocity of, 289-294. 

Height of, 140-159. 

Actual, 140. 

Effect altitude on, 242-243. 

Required, 140, 143. 

Approximate method, 155-159. 

Factors affecting, 145-147. 

General equation for, 146. 
Theoretical, 

General equation for, 146, 
Horsepower fallacy, 218-234. 
Oversized diameter, 23. 

Oversized height, 22. 

Relation between height and diameter of, 287-307. 
Relation to draft, 19-20. 

Performance, 253-283. 

Undersized diameter, 23. 

Undersized height, 22. 


Combustion. 


Actual air supplied for, 168. 
Air supplied for, 165-172. 
Elements of, 160-179. 
Excess air for, 169. 

Products of, 173. 

Total wt. products of, 174. 
Smokeless, 2. 


D 


Damper friction. 
Loss of draft due to, 126-127. 


Diameter of chimney, 204-217, 229-234. 
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Draft. 


Artificial, 5, 6, 10-11. 
Available, 27, 77-102. 
Balanced, 11. 
Conditions affecting, 130-139. 
Confusion regarding, 4, 14, 17. 
Definition of, 4, 5. 
Effect altitude on, 238-241. 
Forced, 6-8, 10. 
General equation for, 105-106. 
Importance of, 1-4, 25. 
Induced, 6, 8-10. 
Loss of, 15. 
Due to friction, 63-76. 
Due to sudden enlargement, 128-129. 
Due to turns or bends, 126. 
Due to velocity, 53-62. 
Through boiler, 110-114. 
Through breeching, 114-118. 
Through economizer, 127-128. 
Through fuel bed, 106-110. 
Measurement of, 18. 
Natural, 5, 13-19, 27. 
Performance, 256-267, 282. 
Production of, 5. 
Required, 28, 103-139, 140. 
Static force, a, 4, 14. 
Theoretical, 27. 
Theory of, 27-51. 


E 
Economizer. 
Loss of draft through, 127-128. 


Example for. 


Available draft, 95-98, 99, 102. 
Capacity, 197-198. 

Effect altitude on diameter, 249. 
Effect altitude on draft, 241-242. 
Effect altitude on height, 243. 
Effect altitude on size, 251-252. 
Loss due to friction, 67-69. 
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Loss due to velocity, 55-57. 
Maximum capacity, 193-194. 
Performance, 256-261. 

Required diameter, 211-213. 
Required draft, 129-130. 

Required height, 143-144, 147-152. 
Theoretical draft, 49-51. 
Theoretical height, 141. 


Size based on horsepower equivalent, 225-228. 


Typical, 295-330. 


F 
Fallacy. 


Chimney horsepower, 218-234, 


Forced draft, 6-8. 


Definition, 6. 
Chimneys used with, 8. 


Friction. 


Coefficient of, 64, 283-284. 

Loss of draft due to, 63-76. 
Based on velocity, 63-70. 
Based on volume, 70-72. 
Based on weight, 72-76. 


Fuels. 


Classification of, 161-162. 
Heat value of, 163. 


Ingredients for commercial analysis, 163. 


Principal ingredients of, 162. 


Fuel bed. 
Loss of draft through, 106-110, 145-148. 


G 


Gases. 


Composition, effect on draft, 137-138. 
Density of, 38, 174-176. 
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Equation of perfect, 32-34. 

Law of perfect, 31-32. 

Quantity flowing, 152-153. 
Temperature of, 177-179. 

Velocity of chimney, 289-294, 308-329. 


General draft equation, 105-106. 


Heat. 


Definition of, 28. 
Whats ue, BYE 
Transmission of, 30. 


Heated column of gases. 
Effect on draft of, 135. 


Height of chimney, 140-159. 


Hills. 
Effect on draft of, 137. 


Horsepower equivalent. 
Capacity based on, 198-201. 


Horsepower. 
Fallacy of chimney, 218-234. 


Humidity. 
Effect on draft of, 188. 


Hydrogen, 164. 


Induced draft, 6. 
Definition of, 8-10. 
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L 
Leakages. 


Effect on draft of, 138-139. 


Loss of draft, 15, 104. 


Due to damper friction, 126-127. 
Due to friction, 63-76. 

Due to sudden enlargement, 128-129. 
Due to turns or bends, 126. 

Due to velocity, 53-62. 

Through boiler, 110-114. 

Through breeching, 114-118. 
Through economizer, 127-128. 
Through fuel bed, 106-110. 


M 


Mechanical construction top of chimney. 
Effect on draft due to, 136. 


Natural draft, 13-19. 


Advantages of, 18-19. 

Analogous to head, 14-15. 

Available, 27, 53, 77-102, 103, 106. 
Definition of, 18, 27. 

Disadvantages of, 19. 

How considered, 16. 

Measurement of, 18. 

Relation to chimney, 19-20. 

Required, 27, 28, 103-139, 105, 106, 140. 
Theoretical, 27, 37-49, 103, 106. 


O 


Opening, sudden enlargement. 
Loss of draft due to, 128-129. 
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Pp 
Performance, 253-286. 
Draft, 256-267. 
Capacity, 268-281. 
Plenum, 5, 6. 
R 


Ratio factor for. 


Capacity, 186, 195-197. 
Draft, 78-79, 267. 
Excess air, 169. 
Velocity, 186. 


Required draft, 28, 103-139. 
Definition of, 105, 106, 140. 


Smoke, 176. 


Sudden enlargement of an opening. 
Loss of draft due to, 128-129. 


Sulphur, 164-165. 


Temperature. ; 


Absolute, 30-31 
Definition of, 29. 
Drop. 
Effect on draft, 131-134. 
Gases, 177-179. 
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Theoretical draft. 


Definition of, 27, 108, 106. 

Effect variation chimney gas density, 259. 
Effect variation chimney gas temp., 258. 
Effect variation outside air temp., 258. 
Effect variation altitude, 259-260. 
General equation for, 37-49. 

Intensity of, 34-36. 

Summary, 49. 


Turns. 
Loss of draft due to, 126. 


Velocity. 


Chimney gases, 289-294. 
Economical, 207, 308-329. 
Equation for economical, 321. 
Loss of draft due to, 53-62. 
Based on velocity, 53-56. 
Based on volume, 57-59. 
Based on weight, 59-62. 
Theoretical, 183-184. 


WwW 
Effect on draft of strong, 134-135. 
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